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ABSTRACT
RADIATIVE INTERACTIONS IN THERMOCHEMICAL 
NONEQUILIBRIUM EXPANDING FLOWS
Srikanth B. Pidugu 
Old Dominion University 
Director: Dr. Surendra N. Tiwari
A numerical study is conducted to investigate radiative interactions in flows with ther­
mal and chemical nonequilibrium. The two dimensional spatially elliptic Navier-Stokes 
equations have been used to numerically investigate different physical processes in the 
nozzle flow problem. The system of governing equations are solved using explicit, unsplit 
MacCormack predictor-corrector scheme. The chemistry source term is treated implicitly 
to alleviate stiffness associated with fast chemical reactions.
Different physical processes considered in this study are investigated in a systematic 
manner. Finite chemical processes in chemically reacting supersonic nozzle flows are 
studied. Five hydrogen-air combustion models have been employed to study the influence 
of chemistry on flowfield and wall quantities. Truncated versions of different chemistry 
models are used to identify the effect of different chemical species and reaction paths. Fur­
ther, extensive parametric studies are conducted to investigate the effects of equivalence 
ratio and inlet Mach number on the flowfield characteristics as well as on wall heat flux. 
Combustion of hydrogen-air results in highly absorbing-emitting gases such as water 
vapor, OH and NO radicals. The effect of radiative interactions has been studied through 
application of a gray gas model. Results indicate that choice of chemistry model is an 
important issue.
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Based upon the understanding of chemical nonequilibrium and radiative interactions, 
thermal nonequilibrium phenomena are investigated. Furthermore, radiative interactions 
are included in this problem. Also for basic understanding of the radiative interaction, a 
simple problem is used to investigate effects of radiative energy transfer in incompressible 
flows under the assumption of local thermodynamic equilibrium (LTE) and non-local ther­
modynamic equilibrium (NLTE). Results indicate that both chemical and thermal non­
equilibrium effects are important in the expansion region of the nozzle. The effect of 
radiative interactions is to reduce the extent of thermal nonequilibrium due to additional 
mode of energy transfer.
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CHAPTER I 
INTRODUCTION
In recent years, there has been a shift in the interest of devlopment of hypersonic pro­
pulsion systems. Current hypersonic activities are predominantly focused on the develop­
ment of low-cost reusable launch vehicles and associated propulsion systems [I], This 
new generation of vehicles is primarily driven by economic considerations, although it 
does have defense implications. Both NASA and the U.S. Air Force have research pro­
grams to develop propulsion systems and airframes that could evolve into hypersonic mis­
siles and aircrafts [2]. The U.S. Air Force program expects to develop a practical engine 
that could be used in Mach 4-8 hypersonic missile applications. NASA’s Hyper-X pro­
gram involves demonstrating the analytical tools, conducting wind tunnel tests, and flying 
a I2-foot-long, unmanned, scramjet powered aircraft in the Mach 6-10 range. Although 
there has been a shift in goals and end use, the technological challenges in developing the 
hypersonic propulsion systems remain the same.
The global design challenges associated with both cryogenic and hydrocarbon-fueled 
scramjets with the intent of identifying basic research opportunities was outlined in the 
paper by Tishkoff et al. [2]. Practical system issues such as mission requirements, integra­
tion of inlet/isolator, combustor, nozzle, airframe, fuel system specifications, and cooling 
concepts must be addressed. In particular, flowfield dynamics through the inlet, combus­
tor, and nozzle are very complex and pose many challenges. In general the physics of the
The journal model for this is the AIAA Journal.
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flowfield in scramjet engine is characterized by moderate strength shocks, shock-boundary 
interactions, complex mixing phenomena, finite rate chemical reactions, turbulence-chem- 
istry interactions, short residual times, very high velocities and high temperatures, excited 
vibrational states and their relaxation, and radiative interactions. Of these characteristics, 
finite rate chemical reactions, vibrational relaxation, and radiative interactions are of par­
ticular significance in hypersonic propulsion nozzle systems.
This chapter provided an introduction to thermochemical nonequilibrium phenomena 
and radiative interactions. In Sec. 1.1, information on chemical nonequilibrium phenom­
ena in reacting nozzles is presented. Vibrational relaxation processes are described in Sec. 
1.2. Radiative interactions in reacting flows is described in Sec. 1.3. A review on applica­
tion of computational fluid dynamics as research tool is presented in Sec. 1.4. Finally, 
major goals of the study are presented in Sec. 1.5.
1.1 Chemical Nonequilibrium in Reacting Nozzles
The nozzle design experiences many of the same difficulties experienced by the com­
bustor such as short residence time, wide pressure and temperature variations, and possi­
ble diffusive burning of fuel pockets. Generally, a nozzle is divided into three chemical 
regions, namely equilibrium, finite rate, and frozen, depending upon the ratio of the chem­
ical reaction time and the residence time. The chemical equilibrium region exists in the 
upstream portions of the nozzle, where temperature and pressure are still high. In down­
stream of the nozzle, the flow is in frozen state. Adjoining the two zones is the finite rate 
region where chemical reaction time and the fluid residence time are of comparable time 
scales. The relative size of each zone is problem dependent and highly sensitive to pres­
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3sure, temperature and expansion angle.
The performance simulations for rocket engines and ramjets are usually based on the 
assumption that the gas composition in the nozzle is in chemical equilibrium or chemi­
cally frozen or an appropriate percentage of each portion. A still better approximation 
could be made by assuming a “suddenly freezing” criterion, in which the flow is assumed 
equilibrated until the chemistry and fluid time are comparable, then frozen for the remain­
der of the nozzle [3]. For many flows, these approximate methods are justified if the differ­
ence between the frozen and equilibrated flow is insignificant, or the flow is 
predominantly frozen or equilibrated. For hypersonic propulsion systems, however, the 
high Mach number at the nozzle inlet produces shallow wave angles which require a long 
nozzle that must be integrated with the air frame. Under such conditions, the chemical 
reaction time and fluid residence time are of the same order and full finite rate chemical 
calculations must be performed to accurately predict nozzle performance. Also, under 
flight conditions, the extremely short residence times in the combustor may necessitate the 
inclusion of the nozzle as a part of the combustor. If a significant fraction of combustion 
occurs in the nozzle, then full finite rate calculations must be performed to accurately pre­
dict nozzle performance.
Nozzle is an important element in propulsion systems as well as hypersonic wind tun­
nel test facilities. Accurate evaluation of nozzle performance is essential in hypersonic 
propulsion systems due to the high sensitivity of net thrust to nozzle performance. It is 
important to accurately predict the nozzle exit properties in case of wind tunnels. The rea­
son for this is that nozzle exit properties are used as initial conditions in the flowfield stud­
ies of models in hypersonic facilities. Several experimental and computer programs are
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4developed to gain more insight into the high speed nozzle flowfields. However, there are 
some important areas in which very little work has been done. Although finite rate chemis­
try aspects are very important in chemically reacting supersonic flows, more complex and 
sophisticated models are not widely used due to computer speed and memory limitations. 
A literature survey in this field of study also indicates that many researchers rely on chem­
istry models available in the computer code, rather arbitrarily, assuming that the particular 
model is suitable for their application. Also, there is no systematic study available to 
investigate different chemistry models. These deficiencies make the study of chemical 
nonequilibrium an important issue.
1.2 Vibrational Relaxation
The presence of thermal nonequilibrium in hydrogen-oxygen advanced propulsion 
systems has been suggested as a possible source of inefficiency. The study of thermal non­
equilibrium is also an important issue in hypersonic wind tunnel test facilities and laser 
applications. Hypersonic test facilities are particularly prone to thermal nonequilibrium 
due to a typically rapid expansion from a high temperature reservoir.
Flows in scramjet combustors and nozzles are characterized by short residence times 
and wide variations of temperatures and pressures. Under these conditions, molecules 
could be excited in all four states of energy, i.e., translational, rotational, vibrational, and 
electronic. These different modes of energy equilibrate principally through collisions of 
molecules. In many situations, only a few collisions are needed for translational and rota­
tional modes of energy to reach overall thermal equilibrium. However, vibrational relax­
ation needs large number of collisions in order to equilibrate with over all content of the
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5energy. As a result, the time scales involved are much larger and may be comparable to 
fluid time scales under some conditions. Under these conditions, it is important to study 
vibrational nonequilibrium phenomena.
Based on kinetic theory of gases, energy transfer between translational and vibrational 
energy modes can be formulated by means of simple, yet powerful expressions. However, 
in case of complex systems, relaxation process can be driven by many paths such as rota- 
tional-vibrational transfer, vibration-vibration transfer, vibrational-radiation transfer, etc. 
The presence of impurities can also effect the relaxation processes. Vibrational-transla­
tional energy exchange is generally modeled by Landau-Teller type of equations [4] and 
inter-species relaxation times are computed using Millikan and White semi-empirical cor­
relations [5]. The Landau-Teller equation is derived based on the analysis of simple har­
monic oscillators colliding with different chemical species. This assumption restricts the 
use of Landau-Teller equation in situations where departure from equilibrium is not too 
large. Vibrational-rotational energy exchange is found to be important in certain situa­
tions, particularly for hydrides. However, in general, the efficiency of this type of transfer 
is found to be low at low temperatures. Vibrational-vibrational transfer within the same 
species does not change the vibrational energy content significantly, but only redistributes 
it among the population. This type of energy transfer is found to be important in CO and 
C 02 lasers.
Several investigators studied thermochemical nonequilibrium phenomena associated 
with wind tunnel nozzles where primarily air and nitrogen are the gaseous systems. The 
property that many investigators commonly investigated was vibrational temperature. In 
most cases, effect of vibrational nonequilibrium on flowfield properties were assumed to
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6be negligible. However, an examination of available literature revealed that this justifica­
tion may not be valid in many situations.
Studies on the influence of radiation in nonequilibrium flows are manly limited to 
external flows such as flow past blunt bodies and re-entry phenomena. Very limited 
research is done to investigate the effect of vibrational nonequilibrium in chemically 
reacting supersonic nozzle flowfields where the flow medium is the combustion products 
of hydrogen and air. It is also important to know if there is any influence of radiation in 
presence of vibrational nonequilibrium.
1.3 Radiative Interactions
Combustion of hydrogen-air results in highly absorbing-emitting gases, such as water 
vapor, OH, and NO radicals. Radiation heating can become significant because of high 
temperatures and pressures, and strong gas emission. The radiation fluxes from water
vapor and hydroxyl radicals are predicted to be as large as 24 - 50 watts/cm2, depending 
upon the size of combustor and nozzle. It is believed that the radiative heat transfer to the 
nozzle walls may be significant in comparison to the convective heat transfer.
The study of radiative transfer in nonisothermal and nonhomogeneous gaseous sys­
tems requires a detailed knowledge of the absorption, emission, and scattering characteris­
tics of the specific species under investigation. In absorbing and emitting media, an 
accurate radiation model is of vital importance in the correct formulation of radiative flux 
equations. A systematic representation of the absorption by a gas, in the infrared, requires 
the identification of the major infrared bands and evaluation of the line parameters (line 
intensity, line half-width, and spacing between the lines) of these bands. The line parame­
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7ters depend upon the temperature, pressure, and concentration of the absorbing molecules, 
and in general, these quantities vary continuously along a non homogeneous path in the 
medium.
For an accurate evaluation of the transmittance (or absorptance) of a molecular band, a 
convenient line model is used to represent the variation of the spectral absorption coeffi­
cient. The line-by-line models are theoretically the most precise models to analyze radia­
tive heat transfer. Solutions of line-by-line formulations require considerably large 
computational time. Currently, it is still not practical to apply line-by-line models in most 
engineering applications. The wide band models are the simplest nongray models and are 
extensively used in radiative heat transfer analysis [6-10].
In the past three decades, tremendous progress has been made in the field of radiative 
energy transfer in nonisothermal and nonhomogeneous gaseous systems. With the advent 
of space age materials, interest in the field of radiative energy heat transfer in gaseous sys­
tems is constantly increasing. This is because of its wide applications in high temperature 
devices, such as boilers, heat exchangers, space radiators, and nuclear reactors. The study 
of radiative energy transfer is also very important in fire and combustion research, hyper­
sonic propulsion, entry and re-entry phenomena, and climate modeling. There is signifi­
cant amount of research expended towards developing new methods to analyze radiative 
heat transfer as well as in obtaining the absorption coefficients of important atomic and 
molecular species. However, limited studies are available in some important areas involv­
ing radiation in participating media. Important among them are radiation-chemistry inter­
actions, turbulence-radiation interactions, and the effect of radiation on expanding fiows 
with thermochemical nonequilibrium.
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81.4 Application of CFD in Research
Computational fluid dynamics (CFD) emerged as an extremely valuable engineering 
tool in the field of thermo-fluid analysis during the mid I980’s, primarily due to programs 
like the National Aero-Space Plane (NASP) and aerobraking research. This approach has 
gained acceptance due to three main reasons. First, the above -mentioned programs had no 
other design tools immediately available. Second, there are no ground facilities for testing 
at high Mach numbers. Third, due to complex and integrated nature of the flowfields, tra­
ditional wind tunnel based design techniques were not adequate. At the same time, the 
rapid growth in speed and storage capabilities of digital computers coupled with major 
advances in the development of numerical algorithms for the solution of governing equa­
tions of fluid motion presented CFD as an alternative engineering tool. Several researchers 
had applied CFD techniques to gain more insight into the problems involving scramjet 
flowfields [11-16].
Prior to 1987, White et al. [17] discussed the evolution and application of CFD tech­
niques. Their emphasis was on CFD application for the analysis of scramjet components. 
Another paper by Kumar et al. [1] reviewed the growth and major advances in CFD for 
hypersonic applications from 1985 to the present. They provided the current status of code 
development issues such as surface and field grid generation, algorithms, physical and 
chemical modeling, and validation. A number of application examples are presented, and 
future areas of research to enhance accuracy, reliability, efficiency, and robustness of com­
putational codes are also discussed. Recently, the role of CFD in the design of a hyper­
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9sonic propulsion systems was discussed in a paper by Tishkoff et al. [2]. Detailed 
discussion is presented on the application of computational techniques to major scramjet 
components, including inlet/isolator, combustor, and nozzle. Therefore, application of 
CFD as an analysis tool in the problems related to nozzle flows with thermochemical non­
equilibrium and radiative interactions is essential in this study.
1.5 Goals of the Study
The first objective of this research is to study the effect of different chemistry models 
on chemically reacting supersonic nozzle flow fields. Five different chemistry models, 
used in wide variety of applications, were chosen for this study. All five models with vary­
ing degree of chemical reaction paths and chemical species are used by various research 
groups in a wide variety of applications. Nitrogen was assumed neutral in the entire study. 
In order to identify the important reaction paths and species, one chemistry model is cho­
sen as a test model. Three truncated versions of this model are chosen to include the effect 
of different chemical species. Here, mainly the effect of two important chemical species, 
namely H 02 and H20 2, on the nozzle flowfields was studied. The study is further 
extended by including radiative interactions. A gray gas model was used for this purpose. 
The main goal is here to find the influence of different chemistry models in chemically 
reacting supersonic flow first, and then investigate the effects of radiative interactions in 
the same problem.
The next objective of the study is to investigate radiative interactions and vibrational 
nonequilibrium effects in expanding nozzle flows undergoing Finite rate chemical reac­
tions. These investigations are divided into two parts. In the First, nongray radiative inter­
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actions in molecular gases under the assumption of fully developed laminar flow between 
parallel plates is studied. Results are obtained for different molecular gases under both 
local and nonlocal thermodynamic equilibrium conditions. Upon examining the results, it 
was noted that, for the range of pressures and temperatures found in the present problem, 
radiation results under nonlocal thermodynamic equilibrium conditions are not signifi­
cantly different from the results obtained under the conditions of local thermodynamic 
conditions. In the second part of the study, the effect of vibrational nonequilibrium on the 
supersonic reacting nozzle flowfields was examined. Here, the flow medium is the com­
bustion products of hydrogen and air. However, in this part of study, gray gas formula­
tions are used to investigate radiative interactions under local thermodynamic equilibrium 
conditions.
The present study is organized in a justifiable logical sequence. General formulations 
are presented in Chap. 2. Chapter 3 discusses the chemical nonequilibrium phenomena in 
hydrogen-air reacting flow systems. Thermal nonequilibrium in reacting nozzles is dis­
cussed in Chap. 4., and auxiliary governing equations needed to solve vibrational nonequi­
librium problem are given. In Chap. 5, detailed information to model radiative interactions 
are provided. The method of solution is described in Chap. 6. The results are presented 
and discussed in Chap. 7. Finally, concluding remarks on radiative interactions in flows 
with thermochemical nonequilibrium are provided in Chap. 8.




This chapter presents theoretical formulations. In Sec. 2.1, physical models are 
described. The basic governing equations used to simulate chemically reacting flows are 
presented in Sec. 2.2. The thermodynamic model is described in Sec. 2.3, and the diffu­
sion model is presented in Sec. 2.4.
2.1 Physical System and Models
As discussed in the Chap. I, there has been extensive research directed towards the 
development of scramjet propulsion systems. One important system is the thrust produc­
ing device, which is the expanding nozzle. In order to investigate physical phenomena 
described in Chap. I, the physical model considered is a supersonic flow of premixed 
hydrogen and air in an expanding nozzle. The physical model is shown in Fig. 2.1. The 
nozzle wall is modeled, as noted, by a shifted sinusoidal curve. The inlet temperatures of 
hydrogen and air are considerably high so that chemical reactions take place in the entire 
flowfield. Combustion of hydrogen and air results in highly radiative participating species 
such as water vapor and hydroxyl radicals. In order to simulate hydrogen-air combustion 
flowfield accurately, all important phenomena such as gas dynamics, chemistry, turbu­
lence, and radiation must be taken into account, and the fully elliptic form of governing 
equations must be used.
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Fig 2.1 Schematic diagram of nozzle.
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2.2 Basic Governing Equations
The chemically reacting and radiating supersonic nozzle flowfields are described by 
means of Navier-Stokes equations and species continuity equations, which take the form 
in physical coordinates as [18,19]
3U 9F 8G „  n 
8t 8x 8y
where vectors U, F, G, and H are represented by









pu2 - o x
pUV — TyX
( p E - O x) u - T xyv + q x + qry 
pfj(u + ut)
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p v  
p U V —Txy
p V 2 - T O y
(pE -  o y )v -  Tyxv + qy + qry
p f j ( U  -t- Uj)








The viscous terms and other variables appearing in the definitions of U,F, G, and H are 
given by
ifd u  dv) .  du
(2.2)
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(2.3)
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h, = h“ + | C pidT (2.8)
N.
P = Pr „t £ £
i = I
(2.9)
whereA. = -(2 /3 )p .
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In Eqs. (2.1), only (Ns-L) species need to be considered in the formulation since mass 
fraction of the species is prescribed by satisfying the constraint equation
N,
X  fi = 1 <2-l0 >
i =  1
The diffusion velocity of i th species is given by Stefan-Max well equation [20]. For negli­
gible body forces and thermal diffusion effects, it is given by
VXi = + (2.11)
Note that the Eq. (2.11) has to be applied only to (Ns-l) species. The diffusion velocity for
N,
the remaining species is prescribed by satisfying the constraint equation £  fV, = 0,
i =  1
which ensures consistency.
2.3 Thermodynamic Model
In order to calculate the required thermodynamic quantities, the specific heat of each 
species is defined by a fourth order polynomial in temperature which is of the form [21]
C T
=  A i +  B iT  +  C iT 2 +  D jT 3 +  E tT 4 (2 . 12)
K
The coefficients are obtained by a curve fit of the data tabulated in Ref. 21. Once specific 
heat of each species is known, the enthalpy of each species can then be found from Eq. 
(2.8) and total internal energy is computed from Eq. (2.7).
In order to determine the equilibrium constant (required to compute backward reaction
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
16
rate constant) for each chemical species being considered, the Gibbs energy of each spe­
cies must be first calculated. For a constant pressure processes, Cp/RT from Eq. (2.12) is 
first integrated over the temperature to define the entropy of the species. The resulting 
expression is integrated again over the temperature to obtain the following fifth order poly­
nomial in temperature for the Gibbs energy of each species
Coefficients Fj and Gj can be found, once again from Ref. 21. The Gibbs energy of the 
reaction can be calculated from the difference between the Gibbs energy of the product 
and reactant species
where Anj is the change in the number of moles when going from reactants to products 
and is given by following expression
gj Bj -) C: , Dj 4 E: e
|  = A j ( T - T l n T ) - y ' T - ^ r - ^ r - ^ f ’ + F .-G .T ; i=  1 ,...N S (2.13)




i = l i = 1
The equilibrium constant for each reaction is then found from
(2.15)




i = 1 i = l
Here, Yjj, Yji are stoichiometric coefficients.
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2.4 Diffusion Model
The viscosity, thermal conductivity, and diffusion coefficient consist of contributions 
from both fluid molecules and turbulent flow and they are expressed as
H = + (2.17)
k = k, + kt (2.18)
D,j = Dlj + Djj (2.19)
where p,, kj, d |j represent molecular viscosity, thermal conductivity, and diffusivity of
mixture respectively while contributions from turbulent flow are represented by means of 
subscript t. Different models are used to compute these coefficients. The individual spe­
cies molecular viscosities are computed from Sutherland’s law
p- f  j  >3/2 T + Si
r  = G r  t t t  (2-20)“ oi v or i
where p0 and T0 are reference values and S is the Sutherland’s constant. All three values
are tabulated in Refs. 22 and 23. Knowing the molecular viscosity of each species, the 
molecular mixture viscosity can be determined from Wilke’s law [24]
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'J < 4 / / 2 ) [ l  + ( M 1/ M j ) ] ' /2
The individual species thermal conductivities are also computed from Sutherland’s law
kj f  j  >>3/2 T + Sj
TT =  ^ (2-23)
oi >T or T + S:
but with different values of the reference values k0 and T0 , and the Sutherland’s constant
S . Once again, these values are taken from Refs. 22 and 23. The molecular mixture ther­
mal conductivity is computed by using conductivity values for the individual species and 
Wassilewa’s formula [25]
V  k ik, = £  -----------^ ------- (2.24)
‘ J = l 
j*l
where 0jj = 1.6050^ and 0jj is taken from Eq. (2.22).
Molecular diffusion coefficient Djj between species i and j is calculated using Chap­
man and Cowling formula for dilute gases [20]
, 0.001858T3/2[(M: + M :)/(M :M :)]I/2
Djj = -——   J 1 J —  (2.25)
po'jQ o
where £2D is the diffusion collision integral and approximated by
Q d = t *"° 145 + (T* + 0.5) 2 (2.26)
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where T* = T /T e . . The values of the effective temperature T£ and effective collision
diameter are taken to be averages of the separate molecular properties of each species, 
giving [23]
° i ,  -  ] « > i  +  < V  ( 2 - 2 7 )
Tt = (TeTe ) W~ (2.28)
*1 C > C 1
An appropriate model is needed to model turbulence. In this study, Baldwin-Lomax 
model is selected which is used extensively in attached flow systems. Description of this
model is given in Refs. 26 and 27. This model is used to calculate turbulent viscosity p t .
Knowing turbulent viscosity p t , the turbulent thermal conductivity kt and turbulent diffu­
sion coefficient are calculated from the turbulent Prandtl number and the turbulent 
Schmidt number respectively.
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CHAPTER n i
CHEMICAL NONEQUILIBRIUM IN H2-AIR REACTION SYSTEMS
Most combustion processes occur when a fuel bums with oxidizer such as oxygen. 
These processes can be represented by means of a set of chemical reactions known as the 
chemical mechanism for that particular fuel-oxidizer pair. These overall chemical pro­
cesses associated with combustion process are exothermic, although the intermediate reac­
tion steps could be endothermic.
The resurgence of interest in hydrogen fueled scramjet propulsion for space related 
applications led to number of studies using computational fluid dynamics during the last 
two decades [11-16]. CFD is also applied in analysis of chemically reacting nozzle flows 
[16, 28-31]. A comprehensive review of the literature prior to 1968 in the field of nonequi­
librium effects in supersonic nozzle flows was undertaken by Hall and Treanor [32]. Due 
to complexity of design, it is often required to simulate three-dimensional turbulent react­
ing flows in order to obtain accurate solutions, which can even strain the fastest comput­
ers. As a result of these limitations, many researchers use very simple chemistry models 
to obtain the reacting flow solutions. Often, a simple two-step chemistry model with four 
species and two reaction paths is employed in many reacting flow studies involving hydro­
gen-air combustion [33]. Hitch and Senser [34] directed their efforts to obtain a reduced 
H2 -O2  chemistry mechanism for the use in reacting flow simulations. Jachimowski [35] 
also developed hydrogen - air reaction mechanism for use in the scramjet combustion. 
Carpenter [29] made a study on the effects of finite rate processes on high enthalpy noz­
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zles. In this work, he used detailed as well as truncated versions of the Jachimowski 
hydrogen-air reaction mechanism. Sangivanni et al. [31] developed a computer model for 
describing quasi one dimensional flow of a gas mixture with area change and finite rate 
chemical reactions to study the role of hydrogen-air chemistry in nozzle performance for 
hypersonic propulsion systems. They concluded that the finite rate chemistry processes 
should not be neglected in nozzle performance simulations because beneficial chemical 
processes persist throughout the nozzle length. In their study, they also tried to reduce the 
reaction steps by systematically identifying dominant reaction paths. Segal et al. [36] stud­
ied the effects of the chemical reaction model on calculation of low enthalpy supersonic 
combustion flows. In particular, they directed their efforts to include the effects of forma­
tion of HO2  on the flowfield.
Most investigations in this field of study have been limited due to two factors. First, 
during the 1980's, computer resources were limited. Second, CFD was in the rapid devel­
opment process. Due to these reasons, some investigators used simple models to make 
their computations practically achievable. Some investigators directed their efforts to 
develop new numerical techniques. In their efforts, again they used simple models to 
resolve numerical problems. As determined in the literature survey of this field of 
research, only a limited number of studies are available to investigate the reacting nozzle 
flows using different sophisticated chemistry models. Although finite rate chemical pro­
cesses are important in many reacting flow systems, computer resources prevented the use 
of more detailed chemistry models. Many times, researchers have had no choice with 
regard to the selection of chemistry models, as they are required to use the available com­
puter code. Upon examining the available literature, it is found that there is no systematic
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objective of this part of study is to investigate influence of the finite rate chemical pro­
cesses using different chemistry models on supersonic reacting nozzle flows first, and then 
study the same phenomena by including radiative interactions.
In this chapter, a brief discussion on hydrogen - air reaction mechanism is presented in 
Sec 3.1. In Sec. 3.2, the modeling of hydrogen-air systems are discussed. The details of 
various hydrogen - air chemistry models are given in Sec. 3.3.
3.1 Hydrogen - Air Reaction Mechanism
The combustion of hydrogen and air can be represented by means of a single global 
reaction such as
2H2 + 0 2 = 2H20  (3.1)
Although, the combustion of hydrogen and air can be represented by a single step global 
reaction mechanism, actual use of such mechanism is limited to few combustion simula­
tions due to several limitations such as overprediction of flame temperature, as well as 
longer reaction times. In reality, combustion between hydrogen and air involves many ele­
mentary reactions and intermediate products. An elementary chemical reaction takes place 
in a single step through collisional processes. For example, desiccation of oxygen takes 
place through an elemantaty chemical reaction such as
0 2 + M = 2 0  + M (3.2)
where M is a third body such as N2 or 0 2.
Many gas phase reactions are initiated by the formation of an extremely reactive spe­
cies which sets off a series of reactions leading to the formation of products. Such a pro­
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cess is referred to as a chain reaction. These reactive species often are formed in very 
small quantities and are short lived.
Four basic steps involved in chain reaction mechanisms are chain-initiating reactions, 
chain propagating reactions, chain branching reactions, and terminating reactions. In chain 
initiating reactions, radicals are formed from stable species. Radicals are molecules with 
an unpaired electron such as O, OH, etc. In chain propagating reactions, different radicals 
are generated from the radicals formed in chain initiating reactions. In this step, the total 
number of radicals does not change. In chain branching reactions, more radicals are 
formed than destroyed. In terminating reactions, radicals are destroyed either by gas phase 
reactions or by collisions with surface. These intermediate reactions have time scales sim­
ilar to the fluid dynamic time scales. In order to simulate fluid dynamics associated com­
bustion process accurately, it is important to include finite rate chemistry. Further, caution 
is required to be sure that all elementary reactions have been included. The most important 
species in hydrogen-air reaction mechanism are O2 , Hi, HiO, OH, O, H, HO2 , and H2 O2 . 
It is also important to note that certain reactions depend upon temperature, and thus a reac­
tion set that works well for flame kinetics may not predict ingnition kinetics, which take 
place at much lower temperature, accurately. Similarly, third body collisional reactions 
become important at higher pressures, and thus the kinetic mechanism can shift with pres­
sure level.
3.2 Modeling of H2 - Air Reaction Systems
Chemical reaction rate expressions are usually determined by summing the contribu­
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tions from each relevant reaction path to obtain the total rate of change of species. Each 
path is governed by a law of mass action expression in which the rate constraints can be
determined from a temperature dependent Arrehenius expression. The term wt = M;C,
in vector H of Eq. (2.1) represents the net rate of production of species i in all chemical 
reactions and is modeled as
Equation (3.3) represents the general form of a Nr step reaction mechanism and Eq. (3.4)
Values of Aj,Nj, and Ej for different models of hydrogen-air chemistry are given in Sec. 
3.3. Knowing the forward reaction rate constant, and using the equilibrium constant deter­
mined in Sec. 2.3, the backward reaction rate constant can be found by
where keq  ^ is the equilibrium constant of j th reaction and is obtained using the procedure
(3.3)
i =  1 i =  t
is the production rate for the i th species. The forward reaction rate kf of each reaction j
can be calculated using the modified Arrhenius law
(3.5)
(3.6)
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as described in Sec. 2.3.
3.3 Hydrogen -Air Reaction Models
Five different chemistry models for hydrogen-air mechanisms are used in this study. 
The first one is due to Jachimowski [35]. The complete model has 35 reaction paths and 15 
species, which includes nitrogen chemistry. In this study, only 18 reaction steps and nine 
species are used, treating nitrogen as inert. The second mechanism, which has 14 reaction 
paths and nine species is proposed by Hitch and Sensor [34], The third model has 17 reac­
tion steps and nine species. This mechanism is adopted from acknowledged source due to 
Peters and Rogg [37]. It may be noted that, in case of Peters and Rogg model, backward 
reaction rate constants are not taken from the mechanism itself, but calculated using the 
procedure described in Sec. 3.2. The fourth model has 19 reaction steps and nine species 
and is taken from the source due to Yetter et al. [38]. Once again, this model has been used 
by many researchers in modeling of H2 - Air combustion systems. The final and fifth 
mechanism has 21 steps and nine species [39]. All these models are used by various 
research groups in wide variety of applications. Nitrogen was assumed neutral in all mod­
els. Details of these five models are tabulated in Tables 3.1 - 3.5. Truncated versions of the 
Jachimowski model (2,7, and 8 reaction paths) are used to identify the effects of H20 2 and 
H 02 on the flowfield.
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I h 2+o 2=o h +o h 1.70 X 1013 0.00 48150.0
2 h +o 2=o h +o 1.42 X 1014 0.00 16400.0
3 o h +h 2=h 2o +h 3.16 X 107 1.80 3030.0
4 o +h 2=o h +h 2.07 X 1014 0.00 13750.0
5 o h +o h =h 2o +o 5.50 X 1013 0.00 7000.0
6 h +o h =h 2o +m 2.21 X 10" -2.00 0.0
7 h +h =h 2+m 6.53 X 1017 -1.00 0.0
8 h +o 2=h o 2+m 3.20 X 1018 -1.00 0.0
9 h o 2+o h =h 2o +o 2 5.00 X 1013 0.00 1000.0
10 H0-)+H=H2+0') 2.53 X 1013 0.00 700.0
l i h o 2+h =o h +o h 1.99 X 1014 0.00 1800.0
12 h o 2+o =o h +o 2 5.00 X 1013 0.00 1000.0
13 H 02+H0'>=H20 2+ 02 1.99 X 1012 0.00 0.0
14 h o 2+h 2=h 2o 2+h 3.01 X 1011 0.00 18700.0
15 h o 2+o h =h o 2+h 2o 1.02 X 1013 0.00 1900.0
16 h 2o 2+h =o h +h 2o 5.00 X 1014 0.00 10000.0
17 h 2o 2+o =o h +h o 2 1.99 X 1013 0.00 5900.0
18 m +h 2o 2=o h +o h 1.21 X 1017 0.00 45500.0
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i h +h =h 2+m 5.44 X 1018 -1.30 0.0
2 h +o h +m =h 2o +m 2.21 X 10" -2.00 0.0
3 h +o 2+m =h o 2+m 2.08 X 1020 -1.62 0.0
4 h o 2+m =o +o h +m 6.80 X 1019 -0.43 64000.0
5 h 2+o h =h 2o +h 6.38 X 106 2.00 2959.0
6 h +o 2=o h +o 1.69 X 1017 -0.90 17380.0
7 o +h 2=o h +h 1.08 X 104 2.80 5918.0
8 h o 2+h =h 2+o 2 6.62 X 1013 0.00 2125.0
9 h +h o 2=o h +o h 1.69 X 1014 0.00 873.8
10 o +h o 2=o h +o 2 1.75 X 1013 0.00 -397.2
11 o h +h o 2=o 2+h 2o 1.45 X 1016 -1.00 0.0
12 h 2o 2+m =o h +o h +m 1.29 X1033 -4.86 53210.0
13 h 2o 2+h =h o 2+h 2 4.82 X 1013 0.00 7943.0
14 h o 2+h o 2=h 2o 2+o 2 1.81 X 1012 0.00 0.0
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I o 2+h =o h +o 2.00 X 1014 0.00 16790.0
2 h 2+o =o h +h 5.06 X 104 2.67 6280.0
3 h 2+o h =h 2o +h l.OOX 108 1.60 3296.0
4 o h +o h =h 2o +o 1.50 X 109 1.14 100.0
5 o 2+h +m =h o 2+m 2.39 X 1018 -0.80 0.0
6 h o 2+h =o h +o h 1.50 X 1014 0.00 1003.0
7 h o 2+h =h 2+o 2 2.50 X 1013 0.00 693.0
8 h o 2+o h =h 2o +o 2 6.00 X 1013 0.00 0.0
9 h o 2+h =h 2o +o 3.00 X 1013 0.00 1720.0
10 h o 2+o =o h +o 2 1.80 X 1013 0.00 -406.0
11 H0->+H0i =H20 2+0-> 2.50 X 1011 0.00 -1242.0
12 m +h 2o 2=o h +o h +m 3.25 X 10“ -2.00 0.0
13 h 2o 2+h =o h +h 2o l.OOX 1013 0.00 3583.0
14 h o 2+h 2=h 2o 2+h 1.70 X 1012 0.00 3750.0
15 h +h +m =h 2+m 1.80 X 1018 -1.00 0.0
16 h +o h +m =h 2o +m 2.20 X 10“ -2.00 0.0
17 o +o +m =o 2+m 2.90 X 1017 -1.00 0.0
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I o 2+h =o h +o 1.91 X 1014 0.00 16440.0
2 h 2+o =o h +h 5.13 X 104 2.67 6290.0
3 h 2+o h =h 2o +h 2.14 X 108 1.51 3430.0
4 o h +o h =h 2o +o 5.50 X 1013 0.00 7000.0
5 h 2+m =h +h +m 4.57 X 1019 -1.40 104380.0
6 o +o +m =o 2+m 6.17 X 1015 -0.50 0.0
7 o +h +m =o 2+m 4.68 X 1018 -1.00 0.0
8 h +o h +m =h 2o +m 2.24 X 10“ -2.00 0.0
9 h +o 2+m =h o 2+m 6.76 X 1019 -1.42 0.0
10 h o 2+h =h 2+o 2 6.61 X 1013 0.00 2130.0
11 h o 2+h =o h +o h 1.70 X 1014 0.00 870.0
12 h o 2+o =o h +o 2 1.74 X 1013 0.00 -400.0
13 h o 2+o h =h 2o +o 2 1.45 X 1016 -1.00 0.0
14 H 02+H 02=H2Oo+Ot 1.99 X 1012 0.00 0.0
15 o h +o h =h 2o 2 3.25 X 10“ -2.00 0.00
16 h 2o 2+h =o h +h 2o l.OOX 1013 0.00 3590.0
17 h 2o 2+h =h o 2+h 2 4.79 X 1013 0.00 7950.0
18 h 2o 2+o =o h +h o 2 9.55 X 106 2.00 3970.0
19 h 2o 2+o h =h o 2+h 2o 7.08 X 1012 0.00 1430.0
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I h +o 2=o h +o 3.52 X 1016 -0.70 17070
2 o +h 2=o h +h 5.06 X 104 2.67 6290
3 o h +o h =h 2o +o 5.50 X 1015 0.00 7000.0
4 h 2+o h =h 2o +h 1.17 X 109 1.30 3626
5 h +o 2+m =h o 2+m 6.76 X 1019 -1.42 0
6 h +h o 2=o h +o h 1.70 X 1014 0.00 874
7 h + h o 2=h 2+o 2 4.28 X 1013 0.00 1411
8 o h +h o 2=h 2o +o 2 2.89 X 1013 0.00 -497
9 h + h +m =h 2+m 1.80 X 1018 -1.00 0
10 h +o h +m =h 2o +m 2.20 X 1022 -2.00 0
11 H 02+H 02=Hi 0-)+0t 3.02 X 1012 0.00 1390
12 m +h 2o 2=o h +o h +m 1.20 X 1017 0.00 45500
13 h 2o 2+o h =h o 2+h 2o 7.08 X 1012 0.00 1430
14 h o 2+o =o h +o 2 2.00 X 1013 0.00 0
15 h +h o 2=o +h 2o 3.10 X 1013 0.00 1720
16 H+0+M=0H+M 6.20 X 1016 -0.60 0
17 o +o +m =o 2+m 6.17 X 1015 -0.50 0
18 h 2o 2+h =o h +h 2o l.OOX 1013 0.00 3590
19 h 2o 2+h =h o 2+h 2 4.79 X 1013 0.00 7950
20 o +o h +m =h o 2+m l.OOX 1016 0.00 0
21 h 2+o 2=o h +o h 1.70 X 1013 0.00 47780
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CHAPTER IV
THERMAL NONEQUILIBRIUM IN REACTING NOZZLE FLOWS
The wide variations of temperatures and pressures combined with short residual times 
in scramjet combustors and nozzles could lead to thermochemical nonequilibrium. Under 
these conditions, molecules could be excited in all four states of energy: translational, 
rotational, vibrational, and electronic. Usually, both translational and rotational tempera­
tures require a very few collisions to reach thermodynamic equilibrium of the system. 
However, vibrational energy needs a large number of collisions before it can reach ther­
modynamic equilibrium. This situation makes the study of vibrational nonequilibrium 
very important. For the range of pressures and temperatures that exists in H^-Air combus­
tion systems, the amount of electronic excitation energy is small and can be neglected.
Due to practical importance of high temperature high speed flows through rocket noz­
zles and high enthalpy wind tunnel nozzles, nonequilibrium effects have long been of 
interest in the field of hypersonic research [32, 40-48]. Research efforts were directed 
towards both nonequilibrium internal and external flows. Internal flows include mainly 
rocket nozzles, wind tunnel nozzles and gasdynamic lasers. External flows mainly include 
the analysis of shock layer formed around a hypersonic object moving in planetary atmo­
spheres.
The analysis of flows with chemical and thermal nonequilibrium is involved and com­
plex. The number of dependent variables and governing equations to be solved increases 
depending upon the number of species involved in the system. Equations could become
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stiff due to different time scales associated with the fluid motion, finite rate chemical pro­
cesses, and nonequilibrium thermodynamics. Several investigators studied thermochemi­
cal nonequilibrium phenomena associated with wind tunnel nozzles and re-entry 
phenomena where primarily air and nitrogen gas were the flow media. Vibrational non­
equilibrium phenomena in laser applications is also investigated by many researchers 
[49,50]. Investigation of vibrational nonequilibrium in propulsive nozzle flowfields is 
rare. During the past decade, some investigators studied thermochemicai nonequilibrium 
phenomena in reacting flows associated with combustion [51-57]. The rapid development 
of computational fluid dynamics also played an important role in understanding the vibra­
tional nonequilibrium in chemically reacting flows. A numerical method based on finite 
volume method is presented by Grossman and Cinnella [51 ]. The technique was applied to 
investigate nonequilibrium flow of air in a high temperature shock tube and the steady 
state flow of a hydrogen-air mixture in supersonic nozzles. Rizkalla et al. [52] developed a 
computer code based on the method of characteristics for designing shock-free scramjet 
engine nozzles, including the effects of finite rate chemistry and vibrational relaxation. A 
computer code is developed by Lee and Deiwert [53] to calculate nonequilibrium chemi­
cal reactions in three dimensions employing an implicit two-factored flux-vector-splitting 
scheme for calculation of the flow of hydrogen-air mixture. Recently, Jones et al. [54,55] 
investigated the effect of vibrational nonequilibrium in small H2  - Oi thrusters. Manelis 
[56] studied the vibrational nonequilibrium in chain reactions, combustion of high energy 
substances, shock wave reactions, and detonation. It has been shown by him that the pres­
ence of relaxation processes can influence both qualitative picture of the phenomena and 
their quantitative regularities. Stark and Titova [57] studied the mechanisms of combus­
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tion initiation by pre-excitation of vibrations of H2, 0 2, and N2 molecules of pre-homoge- 
nized H2 and air mixture in an adiabatic reactor and in supersonic flow behind shock 
wave. As seen from the literature survey, nonequilibrium phenomena generally are not 
viewed as significant in reacting flows associated with combustion, and this clearly indi­
cates the need for additional studies.
In this chapter, theoretical formulations needed to model thermal nonequilibrium are 
presented. In Sec. 4.1, the flow thermodynamics is described. The governing equations 
and thermodynamic model relevant to thermal nonequilibrium are presented in Sec. 4.2. 
Information on vibrational relaxation is provided in Sec. 4.3.
4.1 Flow Thermodynamics
The sensible enthalpy of a diatomic species can be obtained by summing the contribu­
tions from the translational, rotational, vibrational, and electronic modes of energy. The 
expression of total energy can be written as [4, 58]
5 h v /k T
E = ^ T + R»T + ^ S p r R T t E «' <4 1 >
The first term on the right side of the Eq. (4.1) is the contribution due to the translational 
mode of energy; the second term is due to rotational mode and the third term is due to 
vibrational mode of energy. For the present study, electronic energy is neglected. Under 
normal temperature and pressure conditions, many species have only translational and 
rotational energy and no significant vibrational energy. For example, the values of transla­
tional and rotational energy for nitrogen at room temperature are 71% and 29% respec­
tively. The vibrational energy becomes significant when nitrogen is heated to a
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temperature above 1500 K.
In wind tunnels and rocket propulsion systems, gases at very high temperature are 
expanded through nozzles. During this expansion, energy drops quite rapidly. This drop in 
the energy is mainly associated with translational and rotational degree of freedom. The 
reason for this is that translational and rotational modes of energy relax quite rapidly, typ­
ically needing one to ten collisions per molecules to equilibrate energy levels in consistent 
with the overall energy content. However, it takes several thousand collisions per molecule 
for vibrational energy to reach equilibrium of the over all system. Under these conditions, 
flows can be assumed to be in equilibrium between rotational and translation modes but 
with a possibility of having significant nonequilibrium effects associated with the vibra­
tional mode of energy.
4.2 Governing Equations and Thermodynamic model
The basic governing equations needed to analyze thermal nonequilibrium flows are 
essentially the same as described in Sec 2.2. However, additional terms are needed to 
include thermal nonequilibrium effects. For convenience, these equations are repeated 
here by including the additional terms.
The governing equations for viscous, two dimensional flows with nonequilibrium 
chemistry and vibrational relaxation may be written in vector conservative form as [4,44, 
45]
^  + ^  + ^  + H = 0 (4.2)
dt dx dy
where vectors U, F, G, and H are represented by











pu2 - o x
puv -  Tyx
(p E -O x) u - T xyv + qx + qry 
puEvi 
p f i(u + ui)
G =
pv 
puv - T xy
pv -TCTy 
( p E - O y) v - T yxv + q y + qry
PvEvl 




H =  0
W:
The terms in the vectors U, F, G, and H have already been described in Sec 2.2. However, 
the total internal energy will also have contribution from vibrational mode and is modified
as
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2 2 N. N,
+  S  h i f i  +  2  f i E , i (4.3)
i =  1 i =  I
where Ey is the total vibrational energy. Specific relations are required to model vibra­
tional energy production term et .
In this study, following the works of Candler and MacCormack [44] and Grossman 
and Cinnella [51], a simplified thermodynamic model is employed. This model assumes 
each species of the mixture contains translational and rotational modes of energy which 
are in thermodynamic equilibrium, while vibrational energy is described by harmonic 
oscillator, which is not in equilibrium. A Landau-Teller [4, 58] model is utilized to 
determine the effects of vibrational relaxation on energy production. In obtaining
translational-rotational energy of each species, C Vj due to molecular translation and 
rotation is taken to be a constant and equal to 3R/2 for monatomic gases and 5R/2 for 
diatomic gases.
The rate of change of vibrational energy of system of oscillators can be expressed as
where terms on the right hand side represents contributions due to collisional and radiative 
processes. The radiation field exchanges energy with rotational as well as vibrational 
degree of freedom. However, change in rotational energy is small and therefore its contri­
bution is neglected.
The divergence of radiative flux qr is related to specific intensity Iv , and for one
[58,59]
(4.4)
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dimensional problems, it can be expressed as
o o « l  t r
/d E vN f f dlv
- d i v * = ( i r L = - n  d r ^  ( 4 - 5 )
0 0
A combination of Eqs. (4.4) and (4.5) yields
dE„ /dE „\ ~ 4?dl
. . . -  f f -^ d f ld v  (4.6)
dt V dt ^coii • * ds 
o o
The vibrational energy of a multi component system of oscillators undergoing a collisionai 
relaxation process is given by the Bethe-Teller relation [58, 59]
dE. E V - E j ,
' dt ric,(p ,T )
where E* represents the equilibrium value of vibrational energy and can be expressed as 
[4 ,58]
R:0V,
E* =  p   (4.8)o.
where 0vj is characteristic temperature for vibration of i th species and is given by
hvi
0vi = x  (49)
In Eq. (4.7), the quantity q cj having the dimensions of time is called the vibrational relax­
ation time or collisionai relaxational time.
43  Vibrational Relaxation
In general, the relaxation time is referred to as the average time required to transfer
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energy from one mode to another by collisions. The semi-empirical correlation of Milli- 
kan and White which relates the subject and bath molecule, local temperature and pressure 
used in this study to obtain vibrational relaxational time is given by [5]
nclj = p_ lexp[( 1.16 x lO_3)Pij/20yf3(T l /3 -0.015(Ajj/4) -  18.42] (4.10)
where Pjj is the effective molecular weight for a pair of colliding molecules (i,j) and is 
given by the relation
HiiHji
u  =  -------- —
J u + u“ ll “ jj
The equivalent relaxation time q . of a mixture of gases is given by the linear mixture rule
l n’ f
—  = V  —  (4.11)
Tic,
Although, Eq. (4.10) shows a strong dependency of qct on pressure, in reality it has a large
temperature variation. This is because collisionai frequencies are higher at higher temper­
atures and consequently it takes relatively less time to deactivate the excited states. Infor­
mation on collisionai relaxation times is available in the literature for some molecular 
gases [5,60,61]. The collisionai relaxation time for COo gas is given by the relation [60]
P t|c = exp(AT"l/3 -B )x lO "6
where A =36.5 and B = -3.9. The collisionai relaxation time for methane is given by Rich­
ards and Sigfoos as [61]
P t|c = ex p (-5 .4  + 40T ^ x l O " 6
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Studies of vibrational relaxation in expanding flows indicate vibrational relaxation 
times shorter than the measurements obtained in shock tube experiments which are essen­
tially compression relaxation times. This decrepancy is corrected by using a correction 
ratio between compression and expansion relaxation times. However, for the present 
study, we have not used this correction ratio.
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CHAPTER V 
RADIATIVE INTERACTIONS
A suitable model for radiation is essential in applying the energy equation to any prob­
lem involving radiation participating medium. The study of radiative heat transfer in non- 
isothermal and nonhomogeneous gaseous systems also require a detailed knowledge of the 
absorption, emission, and scattering characteristics of the participating species. There are 
several publications (books and review articles) available for engineering applications 
which provide this information [6-10,62-64],
Over the past three decades, the analysis of radiative heat transfer has received consid­
erable attention. Radiative heat transfer plays an important role in many engineering prob­
lems, especially in aeronautics, astronautics, and mechanics. It is a dominant heat transfer 
mode in many propulsion and industrial combustion equipments, including scamjet com­
bustors, nozzles, missiles, boilers, and furnaces. Hence, accurate prediction of heat trans­
fer by radiation is a key issue in the design and operation of these systems.
Several radiation models for emitting, absorbing, and scattering media have been 
developed in the past three decades. Many models are based on the solutions of radiative 
transfer equation [65]. Mani and Tiwari were the first to take into account the effect of 
radiation in chemically reacting supersonic flows [66]. In this study, a tangent slab approx­
imation for radiative transfer was employed. This approximation treats the gas layer as a 
one dimensional slab in evaluation of radiative flux. The Monte Carlo method to predict 
radiation heat transfer has also become popular due to the availability of powerful comput­
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ers [67-69]. Another popular method developed by Lockwood and Shah [70], known as 
discrete transfer method, and its variations are also widely used in engineering applica­
tions [71,72]. Various investigators used discrete ordinate method in predicting radiation 
heat fluxes [73,74]. Finite volume method has become popular for analyzing radiative heat 
transfer during the past decade [75,76]. It is also important to study the influence of vibra­
tional nonequilibrium on radiative energy transfer. This subject has received considerable 
attention in the past [77-80]. Tiwari and Cess [77] presented a new formulation to study 
the influence of vibrational nonequilibrium upon the radiative energy transfer in nongray, 
nonisothermal gases. Coupled radiative and vibrational nonequilibrium was investigated 
by Giles and Vincenti [76]. Recently, this phenomena was studied by Gokcen and Park 
[79], and Hartung et al. [80] applied it to re-entry type vehicles. As seen from the literature 
survey, radiative effects in nonequilibrium flows received the attention mainly in the re­
entry and hypersonic testing facilities. It is generally not viewed as significant in reacting 
supersonic nozzle flows associated with combustion, and this clearly indicates the need 
for additional studies.
The objective of the this part of study is to investigate radiative interactions and vibra­
tional nonequilibrium effects in expanding nozzle flows undergoing finite rate chemical 
reactions. Although there are many recently developed radiation models to analyze com­
plex nonequilibrium phenomena, we use the theory and models discussed in Ref. 66 as 
they are simple to implement and give results with good accuracy.
This chapter provides essential information to model radiative interactions in partici­
pating medium. The details on the radiation absorption models and correlations are given 
in Sec. 5.1. In Sec. 5.2, radiative flux equations for both gray as well as nongray models
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
42
are provided. The formulations needed to model radiative interactions under non-local 
thermodynamic equilibrium are given in Sec. 5.3.
5.1 Radiation Absorption Models
The accuracy of final flow solution, when radiative interactions are included, depends 
upon the detailed and accurate knowledge of absorption-emission characteristics of partic­
ipating species. There are several models available in the literature to predict the absorp­
tion-emission characteristics of molecular species. A review article by Tiwari is an 
excellent source for this information [9]. Both gray and nongray absorption models are 
discussed here briefly.
5.1.1 Gray Gas Models
Probably the greatest simplification is the gray gas medium approximation in which it 
is assumed that the absorption and the scattering coefficients are both independent of 
wavelength. The average absorption coefficient for a single band system can be conve­
niently represented by means of the Planck’s mean absorption coefficient tcp which is 
defined as [62-64]
o o
k p  = / ^ ( 'D c k o / e b d ’) (5.1)
o
where kw is the volumetric absorption coefficient and 0 ) is the wave number. For multi­
band gaseous system, Eq. (5.1) can be modified as [62]
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
43
(5.2)
where j denotes the number of spices in the mixture, Pj is the partial pressure of j th spe­
cies, e ^ fT )  is the Plank function evaluated at the band center, and Sj(t) is the integrated 
band intensity of the i th band.
As defined in Eq. (5.1), tcp is a property of the medium. When Kp is evaluated at
the temperature of the gas, it is usually a mean emission coefficient and it becomes equal 
to the actual mean absorption coefficient only for the conditions of an equilibrium radia­
tion field. For non-uniform temperature field, the mean absorption coefficient which is 
used for optically thin radiation is the modified Plank mean absorption coefficient, which 
for black bounding surfaces is defined as [62]
o
Note that Km is a function of both the gas temperature and the wall temperature. An 
approximate relation between Kp and Km is available for infrared radiation as [62]
This expression is usually employed in gray gas radiative heat transfer analysis. Many of 
these models account for detailed spectral information of molecular bands in an approxi­
mate manner. Such approaches of radiative formulation are often referred to as pseudo­
gray gas formulations.
Km(T ,T w) = jK (1)(T)eb(1)(Tw)dco/eb(Tw) (5.3)
Km(T ,T w) = Kp(Tw)(Tw/T ) (5.4)
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5.1.2 Nongray Gas Models
There are several nongray gas models available in the literature to represent the 
absorption-emission characteristics of vibration-rotation bands. They are broadly classi­
fied into four types: line-by-line models, narrow band models, wide band models and band 
model correlations. The line-by-line models usually employed are Lorentz, Doppler and 
Viogt line profiles. Use of narrow band models gives accurate results, but they are compu­
tationally expensive. Four commonly used narrow band models are Elsasser, Statistical. 
Random Elsasser, and Quasi-Random. The important wide band models are Box, Modi­
fied box. Exponential, and Axial. The application of a model to a particular case depends 
upon the nature of the absorbing-emitting molecule. Complete discussion on usefulness 
and application of these models is provided in Ref. 8.
For many engineering applications, band model correlations provide quite accurate 
results. They can be easily employed and are computationally efficient. The first correla­
tion for the exponential wide band absorptance was proposed by Edwards [81]. The first 
continuous correlation was proposed by Tien and Lowder [6], and is given by the relation
A (u,P) = ln [uf(t){(u  + 2 ) /(u  + 2 f( t))} +  I] (5.5)
where
f(t) = 2.94[1 -  exp(-2.60t)], t = 0 /2  
Band absorption results of various correlations are compared and analyzed for regions of 
accurate applications by Tiwari [8]. Tien and Lowder correlation is used in this study for 
nongray gas formulation.
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5.2 Radiative Flux Equations
The general governing equations of radiative heat transfer are complicated integro-dif- 
ferential equations. This is mainly due to the fact that the thermal radiation is generally a 
domain dependent phenomena; hence, conservation of energy must be applied over the 
entire volume under consideration rather than infinitesimal volume. This leads to integral 
equations involving up to seven independent variables (frequency of radiation, three space 
coordinates, two coordinates describing the direction of travel of photon, and time). The 
analysis of thermal radiation is complicated further by the behavior of radiative properties 
of materials. Radiative properties of gases may vary strongly with wave number, adding 
another dimension.
In many engineering applications, several assumptions are made to make integro-dif- 
ferential equations more tractable. The most important assumption is the tangent slab 
approximation. This approximation treats the gas layer as one dimensional slab in the 
evaluation of the radiative flux. Gray gas assumption along with black diffuse surfaces 
lead to further simplifications. Detailed derivations of radiative flux equations for gray as 
well as nongray radiation has been carried out in the literature [62, 66]. We provide only 
essential details in this section.
5.2.1 Gray Gas Formulation
Following the procedure described in [66], for the physical model illustrated in Fig.
5.1, for diffuse non-reflecting boundaries and in the absence of scattering, the expression 
for spectral radiative flux for a gray medium in the normal direction is given by






r  il A <iR<y>





5.1 Raditing gas flow between parallel boundaries.
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Differentiating this equation twice (using the Leibnitz formula) the integrals are elimi­
nated to obtain the following non-homogeneous ordinary differential equation as
« (y) = 3de(y) 
jy -  4 k dy P  ’
Equation (5.7) is a second order differential equation and, therefore, needs two boundary 
conditions. For non-black surfaces, they are given by
( i - ^ ( y ) l y = 0 - ^ ] y = .  = °  (5.8)
= °  (5.9,
For black surfaces, the emissivities £[ = e2 = 1 and Eqs. (5.8) and (5.9) reduce to sim­
pler forms. Relations similar to Eqs. (5.7-5.9) are obtained for radiative transfer in x direc­
tion. The procedure for solving Eqs. (5.7) to (5.9) is provided in Ref. 66.
5.2.2 Nongray Gas Formulations
For many engineering applications, the radiative heat transfer equations are formulated 
for one-dimensional planar systems. For diffuse non-reflecting boundaries and in absence 
of scattering, the expressions for total radiative flux is given by [62,66]
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F i(0 ,(z ) = eo,(z) - e i0),:F2 (0 ,(z ) = eco,(z ) - e 2Ui
Equation (5.10) is in proper form for obtaining the nongray solutions of molecular species 
in an n-band gaseous system. This equation is an ideal equation for line-by-line and nar­
row band model formulations. However, in order to be able to use the wide band models 
and correlations, Eq (5.10) is transformed in terms of the correlation quantities and the 
transformed equation is given by [66]
r
qR(5) = e , - e 2 + !  £  A0iu0(j j F IUit f ,)A'i[ - ! i i0i< l ; - ? ) ] d e
i = l  0
(5.11)
where
£ = u /u 0; = u '/u 0= z /L ;  A = A /A 0
u = (S /A 0)py; u0 = (S /A 0)PL; PS = J  K^dco
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
49
In Eq. (5.11), F l(0 and F2aJ represent the values at the center of the i th band and A'(u)
denotes the derivative of A(u) with respect to u. Equation (5.11), upon performing the 
integration by parts, can be expressed in an alternate form as
n
qR(S) = e , - e 2 + £  A0j<
i =  1
I .
+ / [ de(0. ( ^ ) / d ^’] s i [ i uoi<^ -  ^> 1 ^ ' (5-l2)
5 1 1
dqR(S) _ 3 i
0 i u 0 i
i =  1
I
- / [ * „ , ( 5 . 1 3 )
Equations (5.11) through (5.13) are most convenient equations to use when employing the 
band model correlations in radiative transfer analysis. These equations can be further sim­
plified for various limiting forms.
5.3 Radiative Interactions under NLTE Conditions
The radiative heat transfer under local thermodynamic equilibrium (LTE) conditions 
can be analyzed using the models described in Sec 5.1 and 5.2. However, to include radia­
tive interactions under non-local thermodynamic equilibrium (NLTE) conditions, we need 
additional information. Here, we provide essential information on equation of radiative
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transfer, radiative life time, and radiative flux equations under the conditions of NLTE. 
Detailed discussion and derivations of relevant equations are provided in Refs. 58, 59,77 
and 78.
The equation of radiative heat transfer for a simple harmonic oscillator is given by [59,
78]
? *  = K* [ Bv—— — ——
ds v V v E* k*
V V
(5.14)
This is the form of nonequilibrium transfer equation obtained by Goody [82]. Under 
steady state conditions, for each fundamental band, a combination of Eqs.(4.6), (4.7), and 
(5.14) yields
E*V
+ J d n j K vBvdv] = ( . S )  + J d f l J KvIvdv (5. 15)
where integration is taken over the frequency range of an individual band and over the 
solid angle from 0 to 471. Defining a time constant [58,59]
Tlr = E * / [ J d a J i c vB vdv] 





j v = Bv[(n r + tic X )/(n r  + nc)l
X = ( J d f l jK vIvd v ) / ( J d f t |K vB vdv)
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By combining Eqs. (4.6) and (5.17). the source function Jv can be expressed as
B
J V = j j - ^ j { n r + | lc[(h + JdQ jK vIvd v )/(J ,dQ jK vBvdv)l}  (5.18)
where h = -j"(dqRv/dv )dv  and rj = q c/ r | r 
For isotropic radiation. Eq. (5.18) becomes
Jvc = Bvc + ( l / 2 ) ( n c/ n r)H (5.19)
where H = h/(2Ttj"tcvdv)
The degree of nonequilibrium effects is characterized by order of magnitude of parameter 
(q c/ q r) in the transfer equation. Significant deviations from LTE results will start when
the ratio is unity or higher.
The radiative life time of a system can be expressed as [58. 59]
tlr* = 87tcu)g(P/n)J(KUJ/P)da) (5.20)
where n is the number density of molecules, and toc = (v0/c )  is the wave number corre­
sponding to v0 . The above expression can be expressed in an alternate form as
Tl7‘ = (87t(oc2)(4.08xlO 'l2)T0S(T0) (5.21)
where S(T0) is the integrated band intensity, T0 is the reference temperature.
Appropriate information on q c and q r are needed for evaluating NLTE effects in a
particular system. For some important participating mediums, such information is avail­
able in the literature [5, 59].




The solution procedure used for supersonic reacting flows is based on SPARK code 
developed at NASA Langely Research Center [11,13]. Appendix A provides the flow 
chart for the main program, and Appendix B provides the flow chart for the subroutine 
that integrates the governing equations. In Sec 6.1, details on grid generation are given. 
Numerical algorithm is discussed in Sec. 6.2. Boundary conditions and initial conditions 
are given in Sec. 6.3. In Sec 6.4, details on artificial viscosity or numerical smoothing are 
given. Finally, in Sec. 6.5, solution procedure is presented.
6.1 Grid Generation
To solve the governing equations, Eqs. (2.1), with finite difference scheme, the equa­
tions must first be transformed from the physical domain (x,y) in which they are written to
an appropriate computational domain (£»q).  An algebraic grid generation technique 
developed by Smith and Weigel [83] was used to generate the grid in this study. From 
computational point of view, it is desirable to have a uniform rectangular grid enclosed in 
a cube, where the exterior of the cube represents the physical boundaries. To have such 
grids, a body fitted coordinate system was transformed linearly from the physical domain 
(x,y) to the computational domain (£, q ) as follows:
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
53
x i -  x(£> 0) 1 Lower 
y, = y(q, 0) {Boundary 
(6.1)
x 2  ~ x(^» H | Upper 
y2 = y (q ,  1) {Boundary 
(6 .2 )
x = x(£, l)r | + x(£, 0) ( l  - q )  I Between 
y = y(£, l ) q +  y ( £ , 0 ) ( l - q )  {Boundaries 
(6.3)
where 0 < £ < l ; 0 < £ < l . T o  resolve large flowfield and concentration gradients, the 
physical coordinate grid must be chosen sufficiently fine in these regions. Therefore, more 
grid points are required near the solid boundaries. The concentration of grid in the r| - 
direction can be accomplished by
where C = ln(($y + 1 / Py -  1). If a  is equal to zero, the compression takes place only 
near the lower wail and if a  is equal to one half, the compression takes place near both 
walls. The term (3y has a value between 1 and 2, and as it gets closer to one, the grid 
becomes more concentrated near the walls. Employing this concentration technique, Eq. 
(6.3) is written in terms of q as
where 0 < q < 1.
Based on the above analysis, the grid is generated for the nozzle used in this study 
(Fig.6.1). Because of the symmetry of flow about the center line, only the upper half of the
_  =  ( P y  +  1 )  -  ( P y  -  I )exp[-C (q  -  1 + c t)/(  1 -  a )]  
^  (2 a  + I )(1 + e x p [ - C ( q - I  + a ) / ( l - a ) ] )
(6.4)
x = x(£, l ) q + x ( £ , 0 ) ( l - q )  
y = y(§, l ) q + y ( £ , 0 ) ( l - q )
(6.5)
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Fig 6.1 Grid mesh for flowfield simulation
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nozzle is shown. It can be seen from the figure that the grid is concentrated in the y-direc- 
tion in order to capture the boundary layer, and the grid is kept uniform in the x-direction.
6.2 Numerical Algorithm
The governing equations, Eqs. (2.1), are expressed in the computational domain as
Here x^, x^, y=, and, yn are transformation matrices and J is the Jacobian of the transfor­
mation. The matrices can be computed numerically once the physical coordinate grid has 
been prescribed.
The governing system of equations, Eq. (6.6), can be stiff due to the kinetic terms con­
tained in the vector H. Following the approach used in Ref. 12, the system of equations are 




U = UJ; F = F y n - G x T1 
G = Gx^-Fye i  H = HJ 
> =
( 6 . 7 )
The application of a Newton linearization for H reduces Eq. (6.7) to
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[ I - A t K n]AUn+1 = -AtR° (6.8)
where
In Eqs. (6.8) and (6.9), Rn is the steady state residual. I is the identity matrix, Kn is the
jacobian of H with respect to U ,(3H /9U ), and All" + 1 = Un + 1 -  Un .
Once temporal discretization used to construct Eq. (6.8) has been performed, the 
resulting system is spatially differentiated using the unsplit MacCormack prediction-cor- 
rector scheme[84]. This results in a spatially and temporally discrete, simultaneous system 
of equations at each grid point. Each simultaneous system is solved using the Householder 
technique in combination with the MacCormack technique which is then used to advance 
the equations in time. The modified MacCormack technique then becomes
[ I -AtK- j JAU"/1 = -A t5fRij (6.10a)
U j +I = u n 1 ij + AUy (6.10b)
[I-A tK "j+ , ]AUj.+ I = -A tg h R ^ 1 (6.1la)
U ; +l = Un + 0.5 .  r  rn + 1 . ,  rn + IAUtj + Ally J (6.11b)
where 5fR represents a forward spatial difference of R and 5bR a backward spatial differ­
ence. Stress terms are differenced in conventional manner [84]. Equations (6.10) and
(6.11) are used to advance the solution from n to n+1 and the process is continued until the
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desired integration time has been reached.
The magnitude of time step in Eqs. (6.10) and (6.11) is chosen based on the physical 
time scales present at any given time in the solution. The fluid dynamical time, Atf , can be 
shown to be limited by CLF condition [85], i.e.,
-i
(6 .12)
where a is the local speed of sound. The chemical relaxation time for species i is given by 
[86]
pf,
tc = —  (6.13)
G)i
since (bj remains nearly constant over a time step. For accuracy, it is required that the 
chemical time step be chosen such that no change in mass fraction greater than 0.01 
occurs over that time step. The computational time step At is chosen to be the minimum 
of all grid points in terms of both fluid and chemical time steps, i.e.,
At = min(Atf, Atc) (6.14)
6.3 Boundary and Initial Conditions
The governing equations, Eqs. (2.1), require boundary conditions along all four 
boundaries. For the problem considered, the inflow boundary is supersonic, so the veloci­
ties, the static temperature, pressure, and species mass fractions are specified and fixed at 
the inlet. The outflow boundary is also supersonic, and the values of the velocities, static
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temperatures, pressures, and species mass fractions are determined by extrapolation from 
upstream values. The upper boundary is treated as a solid wall; therefore, no slip boundary 
condition is applied. The wall temperature is given and wall species mass fractions and 
pressure are extrapolated from interior grid points, by assuming a non-catalytic wall as 
well as the boundary layer assumptions on the pressure gradient. Since only the upper half 
of the flow domain is computed due to assumed symmetry of the flow, symmetry bound­
ary conditions are imposed for the lower boundary, i.e., at the center line. The governing 
equations, Eqs. (2.1), also require a set of initial conditions. The equations are initialized 
by setting values of the velocities, static temperatures and pressures, and species mass 
fractions throughout the domain to values chosen for the boundary condition at the inflow 
boundary. The equations are marched in time from the initial to some final specified inte­
gration time or until steady state solutions are achieved.
6.4 Artificial Viscosity
Artificial viscosity or numerical smoothing is normally added to the numerical algo­
rithm described in Sec. 6.2 to suppress numerical instabilities. These numerical instabili­
ties are inherent with the use of second-order central differencing scheme. In addition to 
this, physical phenomena such as shock waves can cause instabilities when they are cap­
tured by the finite difference algorithm. Pulliam [87] suggested an artificial viscosity term
Fav to be added to the vector F in Eq. (6.6) which is given by the following equation
Fav = (XJ)iij[C,8^P + C28jT  + C 3 8 5 f] (Uitj- U i_ Iij) (6.15)
where
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(6.16)
_ | V  + VI + + 5 Ku +1 ,v| + ajr\l + r\'-
A5 + i n
o') |P; + i i — 2P; ; + P;_i  il
8i P = -FT ' ■ nn ■ rT- - (6.17)
p i+ i.j + 2Pj . j + p>- i . j
lT . + i.j _ ? T“ *• I,j  + T i _ i i j|
T l + i.j +  2TV
lf , + i.j - 2 f i,
5-T = U -V j J ~ J - j Jl (6.18)
(6.19)
f i+ l,j + 2 f i,j +  f i - l . j
Similar formulas are available for the other artificial viscosity term Gav. In its original
form, Pulliam suggested only 8^P to be used in the Eq. (6.15). For some problems espe­
cially those with chemical reactions, it is found that this single term is not sufficient and
•> i 1
additional termsd^T, o^f must be added [88]. In the term o^ f , f can be mass fraction for 
one species or for several different species. The coefficients C[,C2, and C3 must be 
selected by numerical experiment. For the cases investigated in this study, all coefficients 
were fixed as constant with a value of one half.
6.5 Solution Procedure
The solution procedure is based on the steps given below.
(i) First, Eqs. (6.6) are solved to obtain cold flow solution without including chemical 
reactions as well as radiation. For this particular problem, a turbulence (Baldwin-Lomax) 
model is used as the flow is expected to be turbulent downstream of the nozzle.
(ii) The steady state solution of temperature, pressure and species mass fractions are 
then used as initial solution to obtain reacting flow solution without considering radiation.
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In fact, it is not possible to include radiation without having the information on flowfield 
temperature, pressure, and species mass fraction distribution. Care must be taken in this 
step to use proper time step, otherwise it can lead to instabilities.
(iii) Once again, the steady state reacting solution of temperature, pressure, and spe­
cies mass fractions are used as initial solution to obtain final reacting and radiating flow 
solution.
(iv) In the case of thermal nonequilibrium, once again the steady state reacting solu­
tion of temperature, pressure, and species mass fractions are used as initial solution to 
obtain final thermochemical nonequilibrium solution. Radiative interactions are investi­
gated after obtaining final thermochamical nonequilibrium solution.




Based on the theoretical formulations described in Chaps. 2 - 6, results are obtained 
for the flows with thermochemical nonequilibrium and radiative interactions in hydrogen 
and air combustion systems. The specific problem considered for the study is supersonic 
flow of the premixed hydrogen and air in an expanding nozzle. The basic code used in this 
study is the Spark code developed at NASA Langley Research Center for studying scram- 
jet combustion problems [11,13]. The code is extended by including various chemistry 
models, vibrational nonequilibrium model, and radiation model. Results are obtained in a 
systematic way for different physical and flow conditions. First the influence of finite rate 
chemistry processes is studied by using different chemistry models. Bracket analysis of a 
chemistry model is carried out to identify important reaction paths and species. The test 
model used is that of Jachimowski’s model. Next, a parametric study is carried out to 
investigate the effect of equivalence ratio and Mach number. In all these cases, the effect 
of radiative interactions is studied. This is followed by the discussion on the results 
obtained for flows with thermochemical nonequilibrium and radiative interactions. For 
basic understanding, first results are obtained to study the effects of radiative energy trans­
fer in incompressible flows under the assumption of local thermodynamic equilibrium 
(LTE) and non-local thermodynamic equilibrium (NLTE). For this case, results are 
obtained under nongray gas assumption. The model chosen for this problem is fully devel­
oped flow between two parallel plates. This is followed by the case of the nozzle flow
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problem. Here, first results are obtained to study the vibrational nonequilibrium, and then 
effects of radiative interaction under LTE conditions are investigated. For this case, results 
are obtained under the assumption of a gray gas.
7.1 Chemical Nonequilibrium in H2-Air Nozzles
Five different chemistry models for H2-Air mechanisms are used in this study. As 
mentioned in Sec. 3.3, the five models investigated here are the work of Jachimowski, 
Hitch and Sensor, Peters and Rogg, Yetter et al., and Balakrishnan et al. In the case of the 
Peters and Rogg model, backward reaction rate constants are not taken from the mecha­
nism itself, but calculated using the procedure described in Sec. 3.2. Nitrogen was 
assumed to be neutral in all models. A grid size of 71X41 (upper half of the nozzle) is 
used for solving governing equations in this study due to the assumed symmetry of flow. 
Further grid refinement yields little change in the results.
The specific problem considered for this study is supersonic flow of premixed hydro­
gen and air in expanding nozzles. In all cases, flow is introduced to the nozzle with a 
velocity of 1230 m/s, temperature of 1900 K, pressure of 1 atm., and an equivalence ratio 
of 1.0. The inlet species mass fractions are f ^  = 0.0283, f02 = 0.2264, f ^ o  = 0.0, f0H = 
0.0, fH = 0.0, fo = 0.0 and fN2 = 0.74529. The temperature of the nozzle wall is maintained 
at 1900 K, which is assumed to be non-catalytic. The computations were performed on 
SUN ultra 10 machine, and for a typical case it took about 6000 iterations before it reached 
steady state solution. The criteria for convergence is assumed to be satisfied when residu­
als of governing equations are reduced by eight orders of magnitude. The code has been 
used previously in studying reacting scramjet flow simulations [13, 14, 29, 89,90]. These
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studies included evaluation of computational algorithms, grid resolutions and turbulence 
models. The objective of this part of the present study is to investigate the influence of dif­
ferent chemistry models.
The SPARK code originally developed by Drummond et al. [13] has been modified by 
many researchers to test various numerical schemes as well as to include different physical 
phenomena. As is the case of any scientific code, it is always important to check the accu­
racy of modified code by excluding the new modules. This check ensures that the dynam­
ics of original code are not affected by the new modules when they are not considered. In 
order to check the accuracy of the present version, one calculation is performed without 
including the new chemistry and radiation modules and the results are compared. In Fig.
7.1, centerline temperature distribution is compared. The results for the two computations 
are in good agreement.
Although all five Hi-Air chemistry models have the same nine chemical species, the 
number of reaction steps is different. In addition, the reaction rate variables of chemical 
reactions common to all five models are not the same. In order to see if these differences 
have any effect on the general flowfield characteristics, centerline Mach number and HiO 
mass fraction are plotted along the nozzle length. Figure 7.2 shows the variation of center- 
line Mach number. The Mach number did not differ much for the various models consid­
ered in this study, though the Peters and Rogg model showed about a ten percent increase 
in the nozzle exit region. Figure 7.3 shows the effect of different chemistry models on the 
formation of H20  at the nozzle centerline. Unlike Mach number, the amount of water 
vapor produced varied considerably with different chemistry models. As the flow expands 
through the nozzle, both temperature and pressure decrease continuously. At the same















Fig. 7.1 Center line temperature distribution
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Fig. 7.2 Effect of chemistry models on center line Mach number
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Fig. 7.3 Effect of chemistry models on center line H20  mass fraction
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time, the chemical reaction proceeds, but it becomes very weak. Due to this reason, the 
mass fraction of H2 O essentially remains the same in the entire region of nozzle, except at 
the inlet portion where it experiences a big jump due to exothermic chemical reaction. 
This trend is noticed in case of all models except for Peters and Rogg model, where water 
vapor decreases initially and then remains constant as we move along the nozzle exit.
To further investigate these differences, Mach number and temperature distribution 
obtained from the Peters and Rogg model are compared with the Jachimowski model. This 
is done by noticing the fact that the results (centerline Mach number and H2 O mass frac­
tion) obtained by Jachimowski chemistry model do not differ much when compared with 
other three models. Figures 7.4 and 7.5 show the Mach number distribution obtained using 
the Peters and Rogg model, and the Jachimowski model respectively. It is clearly observed 
that not only the center Mach number, but also the Mach number distribution in the entire 
nozzle, is about 10 percent higher in the case of the Peters and Rogg model. Figures 7.6 
and 7.7 show the temperature distribution in the nozzle. There is a drop of about 300 K 
when the analysis is carried out using the Peters and Rogg mechanism. The highest tem­
perature obtained using the Peters and Rogg mechanism is about 2675 K, whereas the 
highest temperature obtained using the Jachimowski model is about 2980 K. Although 15 
chemical reaction paths are common to both reaction models, the Peters and Rogg model 
does not have equations which result in the formation of water vapor and HO2 . However, it 
is difficult to pinpoint if this could be the only reason for differences in results. Another 
possible cause could be due to the procedure used in calculation of backward reaction rate 
constants in the program, instead of using actual backward reaction rate constants given in 
the mechanism. Therefore, care should be taken while making any simplification in a











Fig. 7.4 Mach contours in the nozzle (Peters and Rogg)










Fig. 7.5 Mach contours in the nozzle (Jachimowski)











Fig. 7.6 Temperature contours in the nozzle (Peters and Rogg)

















Fig. 7.7 Temperature contours in the nozzle (Jachimowski)
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chemistry model.
Next, the effect of chemistry models on flow quantities is illustrated in Figs. 7.8 and 
7.9. Figure 7.8 shows the variation of centerline temperature for different chemistry mod­
els. The highest temperature is produced when the Hitch and Senser model is used. The 
Jachimowski, Yetter et al., as well as Balakrishnan et al., models also produce nearly the 
same temperature distribution along the nozzle centerline. Again, the temperature pro­
duced by the Peters and Rogg model is 300 K less when compared to other models. The 
flowfield pressure (Fig. 7.9) is virtually unaffected by chemistry models which demon­
strates the well known fact that the pressure is a mechanically oriented variable and is gov­
erned by the fluid mechanics of the flow, and thermodynamic effects are secondary.
Figures 7.10-7.13 show the effect of chemistry models on wall quantities. Also in this 
case, Peters and Rogg model produced less temperature compared to the other four mod­
els. Highest temperature is obtained by the use of the Hitch and Senser model. The tem­
perature variation at the wall for different models is shown in the Fig. 7.10. It may be 
noted that the wall temperature is actually the temperature produced very close to the wall, 
which can be considered boundary layer temperature. The difference in the wall tempera­
ture among the five models considered in this study is highest at the nozzle inlet region 
and differences decrease as we move towards the nozzle exit. Wall pressure is not affected 
by chemistry models, except in the case of the Peters and Rogg model where there is a dip 
in pressure near the nozzle inlet region. This trend can be seen in Fig. 7.11. Figure 7.12 
shows the effect of different chemistry models on the formation of H20  near the nozzle 
wall. The Peters and Rogg model produced much less H20  than the other four models, 
though the Hitch and Senser model produced a slightly higher amount of water vapor
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Fig. 7.8 Effect of chemistry models on center line temperature
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Fig. 7.9 Effect of chemistry models on center line pressure





















Fig. 7.10 Effect of chemistry models on wall temperature
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Fig. 7.11 Effect of chemistry models on wall pressure
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Fig. 7.12 Effect of chemistry models on wall H2 O mass fraction
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Fig. 7.13 Effect of chemistry models on wall OH mass fraction
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throughout the nozzle. The difference in the amount of water vapor due to the Peters and 
Rogg model and other models increases as we move towards the nozzle exit. A possible 
explanation could be again the absence of reaction leading to the formation of H20 , which 
has resulted from the reaction involving H20 2 and OH. Throughout the nozzle length, the 
lowest amount of OH is formed in case of the Hitch and Senser model as shown in Fig. 
7.13. This is expected as the use of this mechanism resulted in formation of highest H20 . 
The destruction of OH, H20 2, and H 02 contributes to the formation of more amount of 
H20  and less OH. Once again, the variation of OH produced by the Peters and Rogg 
mechanism is not consistent with the other mechanisms as shown in Fig. 7.13.
As mentioned earlier, the Planck mean absorption coefficient is employed to model 
gray gas radiation. Use of Kp in pseudo-gray gas formulation provides maximum influ­
ence of radiative interaction. The important radiating species in H2-Air combustion sys­
tems are H20  and OH. NO could become important radiating species if nitrogen 
chemistry is considered. In this study, both H20  and OH are included when radiative inter­
action is considered.
It is a common knowledge that the radiative effects on the flowfield are not very pre­
dominant in high speed confined flows. This fact has been established by many research­
ers [69,91]. Therefore, in this study, only the radiation effects on the nozzle walls are 
examined. Figure 7.14 shows the effect of different chemistry models on wall temperature 
when radiative interactions are included. Inclusion of radiation caused the wall tempera­
ture to increase by 100 K in all cases except in the case of Peters and Rogg, where wall 
temperature is not much affected. The reason is that the H20  produced is less in the case
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .
80
of the Peters and Rogg model. Consequently, the temperature rise in this case is least of all 
models. The wall pressure, and H2 O and OH concentrations are not much affected by the 
inclusion of radiation as shown in Figs. 7.15-7.17. Once again the variation of wall quanti­
ties produced by Peters and Rogg mechanism is not consistent with the other mechanisms.
Next, the effect of chemistry models on the extent of radiative heat transfer is investi­
gated. In all cases, H20  and OH are included. Figure 7.18 shows the profiles of normal­
ized streamwise radiative flux along the nozzle wall. Unlike primitive variables, 
streamwise radiative heat flux is markedly affected by the use of different chemistry mod­
els. The maximum heat flux is observed in the case of Jachimowski model where as Bal- 
akrishnan et al. model produces minimum heat flux. The radiative heat fluxes, qra, are 
computed based on the pseudo gray gas formulation which utilizes the concept of the 
Planck mean absorption coefficient. The value of Kp is highly dependent on temperature, 
pressure, species mass fractions, and spectral properties. The combined effect of these 
quantities has considerable affect on Kp which in turn effects q,^. This trend clearly indi­
cates the need to select a proper chemistry model, particularly when radiative interactions 
are included. The stream wise radiative heat fluxes decrease towards the nozzle exit due to 
cancellation of fluxes in positive and negative directions. This is true for all the models 
used in this study.
In Fig. 7.19, the variation of normal radiative heat flux at the wall for different chemis­
try models is shown. Unlike, streamwise radiative heat flux, normal radiative heat flux is 
less affected by the use of different chemistry models. However, the magnitude of q ^  is 
higher than qn , particularly near the entrance region. This is consistent with the fact that
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Fig. 7.14 Effect of chemistry models on wall temperature with radiation
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Fig. 7.15 Effect of chemistry models on wall pressure with radiation
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Fig. 7.16 Effect of chemistry models on wall H20  mass fraction with radiation
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Fig. 7.17 Effect of chemistry models on wall OH mass fraction with radiation
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Fig. 7.18 Effect of chemistry models on streamwise radiative heat flux
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Fig. 7.19 Effect of chemistry models on normal radiative heat flux
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the radiative heat flux in the normal direction is predominant compared to the streamwise 
radiative heat flux. The q ^  also decreases as we move towards the nozzle exit due to the 
same reason mentioned in the case of qra.
Next, a parametric study of different reaction schemes of Jachimowski model is per­
formed to identify certain reaction paths and species. Four test cases were chosen. The 
first is complete model with 18 reaction paths and nine species. The second is truncated 
version of the 18-step model, in which the H20 2 species and all the corresponding paths 
are removed. This resulted in 8 step and 8 species reaction system. The third reaction sys­
tem is obtained by further removing H 02, which resulted in a seven-step and seven-spices 
mechanism. The fourth case uses the two-step global chemistry model, which has only 
four species. First, analysis is performed in all cases, for only reacting flows. Once react­
ing flow solution is obtained, radiative interactions are included.
Figure 7.20 shows the sensitivity of wall temperature to different reaction schemes. 
The eighteen-step reaction scheme produces highest temperature, though eight-step as 
well as seven-step reaction schemes predict temperature reasonably close to the complete 
model. However, the temperature predicted by the two-step reaction system is much less 
than the other three reaction schemes. It is clear from these results that inclusion of only 
H20  and OH does not give sufficiently accurate temperatures. At the same time, removing 
H20 2 does not change the result greatly. However, a fall in temperature of nearly 100 K is 
observed when both H20 2 and H 02 are removed. Figure 7.21 shows the effect of sensitiv­
ity of water vapor produced in different reaction schemes. The amount of H20  produced 
in case of two-step global chemistry model is much less than the other three reaction 
schemes. Based on these results, it is recommended to choose the eight-step scheme.
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Fig. 7.20 Sensitivity of wall temperature to reaction steps
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Fig. 7.21 Sensitivity of H20  mass fraction to reaction steps
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However, it is reasonable to use the seven-step scheme noticing that the error in using this 
scheme is not too large. Use of the seven-step scheme is acceptable when computational 
resources are scarce, which will be the case when one needs to simulate three-dimensional 
problems that include sophisticated turbulence models or to investigate complex physical 
phenomena that include radiative interactions and vibrational nonequilibrium.
Next, the analysis is done by including radiative interactions in all four cases. The sen­
sitivity of wall temperature to different reaction schemes is shown in Fig. 7.22. Clearly, 
inclusion of radiation increases the wall temperatures in all cases. Again, the temperature 
produced, in case of the two-step scheme is the least of all reaction schemes. Figure 7.23 
shows the sensitivity of H20  to different reaction schemes. Inclusion of radiation does not 
affect the production of water vapor greatly.
The parametric study is extended by investigating all chemistry models to identify the 
effects of H 02 and H20 2. Results are presented in the tabular form for variations of differ­
ent chemical models considered in this study. Table 7.1 presents the values of exit flow- 
field quantities at the centerline and maximum wall temperature with and without 
radiation. It can be clearly noticed that the Peters and Rogg model underpredicts flowfield 
quantities as well as wall temperature. As explained earlier, the main reason could be the 
procedure used to compute backward reaction rate constants. Exclusion of H20 2 did not 
affect exit temperature, pressure and amount of H20  produced. However, exclusion of 
H 02 and H20 2 clearly underpredicts exit temperature and H20  produced and overpredicts 
exit pressure. In the case of Jachimowski model, the exit temperature did not change when 
H 02 is not included. This clearly demonstrates the importance of including all reaction 
steps that contribute to the formation as well as destruction of H 0 2. In order to study the
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Fig. 7.22 Sensitivity of wall temperature to reaction steps with radiation
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Fig. 7.23 Sensitivity of H20  mass fraction to reaction steps with radiation
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Table 7.1 Summary of Results
Reaction Scheme
Center (Exit) Wall (Maximum)
T ( K ) P (N/m2) H20 T  (K) T ( K )(Radiation)
Hitch and Senser 
(detailed) 2518.7 26744.8 0.2027 2638.4 2646.5
Hitch and Senser 
(w/o H20 2) 2518.9 26752.9 0.2027 2638.9 2646.7
Hitch and Senser 
(w/o H20 2+H 02) 2380.5 28504.2 0.1886 2471.9 2668.4
Peters and Rogg 
(detailed) 2137.4 20627.6 0.0946 2435.1 2453.4
Peters and Rogg 
(w/o H20 2) 2111.7 21347.6 0.0805 2415.9 2490.7
Peters and Rogg 
(w/o H20 2+H 02) 2053.5 22476.9 0.1260 2345.1 2414.2
Jachimowski
(detailed) 2413.3 28053.6 0.1915 2485.3 2666.5
Jachimowski 
(w/o H20 2) 2382.0 28469.1 0.1887 2472.6 2666.8
Jachimowski 
(w/o H20 2+H 02) 2384.2 28749.9 0.1886 2412.1 2583.6
Balakrishnan et al. 
(detailed) 2445.4 27121.4 0.1949 2497.8 2645.4
Balakrishnan et al. 
(w/o H20 2) 2443.9 27145.6 0.1948 2494.4 2647.1
Balakrishnan et al. 
(w/o H20 2+H 02) 2393.9 28041.7 0.1902 2497.1 2660.7
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effect of radiation, maximum wall temperature with and without radiation is compared. In 
all cases, inclusion of radiation increases the wall temperature clearly indicating the need 
to include radiation in such studies.
Three important points may be noted in this kind of studies. Care should be taken 
before making generalization about other nozzle shapes, as these results are highly depen­
dent on geometry and inlet conditions. Extra care should be taken while simplifying finite 
rate chemistry models. Inclusion of nitrogen chemistry could change results significantly, 
particularly when radiative interactions are included.
7.2 Parametric Study of H2-Air Reacting Nozzle Flows
The specific problem considered for this study is same as that has been used in pre­
vious section. The effect of various parameters on the nozzle fiowfield is of significant 
importance in assessing the performance of a particular nozzle. According to the informa­
tion provided in [13], several problems are considered. They contain four important 
parameters: equivalence ratio of hydrogen and air, inlet Mach number, wall temperature, 
and nozzle shape. Specific results have been obtained to investigate the effect of equiva­
lence ratio and Mach number on the fiowfield and wall heat fluxes with the radiation inter­
actions included. The reaction mechanism is modeled by truncated version of 
Jachimowski model which has seven species and seven reactions. Radiative contributions 
due to hydroxyl radicals is neglected in this parametric study. Again, a grid size of 71 X 41 
is used. Further refinements in grid size yields little changes in the results.
First, analysis is carried out for chemically reacting nozzle flows without consider­
ing radiative interactions. This step is necessary as the information on fiowfield tempera­
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ture, pressure, and concentration of different species in the nozzle is needed to include the 
radiation model. The inlet conditions are P = 1 atm and T = 1900 K. The wall temperature 
(1900 K) and nozzle length (2 m.) are unchanged in this study. The effect of varying 
equivalence ratio (0.6, 1.0, and 1.4), and Mach number (1.24, 1.41, and 1.61) is studied.
It is a common knowledge that the radiative effects on the fiowfield is not very pre­
dominant in high speed confined flows [69,91]. First, the effect of equivalence ratio is 
studied for pure reacting nozzle flows and then the analysis is carried out by including the 
radiative interactions to demonstrate the above stated belief. Figures 7.24-7.26 show the 
variation of center line temperature, pressure, and H20  mass fraction with the nondimen- 
sional nozzle length for both reacting, and reacting and radiating flows. For all three 
equivalence ratios considered in this study, it is clearly demonstrated that the radiation has 
negligible influence on the fiowfield parameters. The jump in variation of flow tempera­
ture when <(> is increased from 1.0 to 1.4 is negligible. But when 0 is increased from 0.6 to 
1.0, there is a sharp rise of about 10 percent in flow temperature. This is consistent with 
the fact that high temperatures are achieved when equivalence ratio is equal to 1.0, and 
further making the equivalence ratio rich has no significant effect on temperature. The 
level of increase in production of H20  mass fraction is consistent with the variation of 
equivalence ratio. The fiowfield pressure is virtually unaffected by chemistry as well as 
radiation interaction which demonstrates the well known fact that the pressure is a 
mechanically oriented variable and is governed by the fluid mechanics of the flow, and 
thermodynamic effects are secondary. Therefore, the results conclusively prove that the 
radiation effects on the nozzle fiowfield are not important for the range of equivalence 
ratios considered in this study.
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Fig. 7.24 Variation of temperature with X/L at J=center line










2.0E+05 —  ■REACTING 0 = 0.6
+REACTING 0= 1 .0
- » REACTING 0=1.4
1.8E+05 — S R E A C T I N G  & RADIATING 0 = 0.6 I
- AREACTING* RADIATING 0=1.0
1 6E+05 — ■REACTING & RADIATING 0 = 1.4
* a c  a c V .  = 1230 m/s
~ 1'4E+05p. - i ™
T. = 1900 K








Fig. 7.25 Variation of pressure with X/L at J=center line
“  KCAL 1 lINu at KAL/IA 1 IINLj Q — U*0
“  I \ u A L  1 I n U  ut K a U I a  1 l r* v j  (p — 1 .U
"  K C n L  1 IIN O  ot K A L M A  1 I l i U  Q — 1 .4
V.   /  
P. = I atm 
 
J=  CENTER LINE





















V. = 1230 m/s 
P. = I atm 
T =1900 K 




REACTING 0 = 0.6 
REACTING 0= 1.0  
REACTING 0 =  1.4 
REACTING & RADIATING 0 = 0.6 
REACTING & RADIATING 0 = 1.0 







Fig. 7.26 Variation of H20  mass fraction eith X/L at J=center line
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The effect of increased Mach number on fiowfield is illustrated in Figs. 7.27-7.29. 
The problem chosen is the same, except now the Mach number is varied, keeping the 
equivalence ratio constant (<> = 1.0). The values of Mach number selected for this study 
are 1.24, 1.41, and 1.61. The results are shown once again for the location J = center line. 
Again, it is clear that the fiowfield is virtually not affected by the radiation interaction. In 
reacting, and reacting and radiating, cases, the effect of increasing Mach number is to 
increase the fiowfield temperature and pressure. The reason could be that high velocities in 
the inlet region of the nozzle aid reaction; hence, results in high temperatures and pres­
sures. The amount of H20  produced nearly remains constant which could be attributed to 
the use of same chemistry model and constant equivalence ratio.
Next, the radiative effects on nozzle walls are examined. Figures 7.30 and 7.31 
show the effect of equivalence ratio on wall temperature for reacting and reacting and radi­
ating flows, respectively. Plot of H20  mass fraction variation for the same set of condi­
tions is shown in Fig. 7.32 for both reacting and reacting and radiating flows. For pure 
reacting flows, the increase in wall temperature is negligible when 0 is increased from 0.6 
to 1.0. But the wall temperature rises by 10 percent when 0 is increased from 1.0 to 1.4. 
Examination of reacting and radiating results reveal that there is negligible difference in 
the wall temperature when <f> is increased from 1.0 to 1.4. This behavior can be explained 
by investigating the H20  mass fraction variation plots. For pure reacting flows, when 0 is 
increased from 0.6 to 1.0, the amount of H20  mass fraction increases by about SO percent, 
whereas the increase is only about 10 percent when 0 is increased from 1.0 to 1.4. Thus, 
the production of large amount of highly radiation participating H20  molecules at 0 =1.0
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Fig. 7.30 Variation of temperature with X/L at J=wall, reacting flows
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is the cause of high wall temperature. The same reasoning is valid why there is no signifi­
cant increase in wall temperature when (j) = 1.4. The pressure is not much affected by 
introduction of radiative interactions, as shown in Fig. 7.33.
Figures 7.34 and 7.35 show the effect of increased Mach number on nozzle wall 
temperature for reacting and reacting and radiating flows, respectively. Examination of 
these results reveals that the radiative interactions tend to reduce the effect of increasing 
Mach number. The increase in Mach number increases the wall pressure; however, inter­
action of radiation has a negligible effect on wail pressure. This behavior can be seen in 
Fig. 7.36. The amount of H20  produced is virtually unaffected by increasing Mach num­
ber for both cases as shown in Fig. 7.37. As stated earlier, the reason for this behavior is 
the use of same chemistry model and constant equivalence ratio of 1.0 (when effect of 
increased Mach number is investigated).
Next, the effect of equivalence ratio on the extent of radiative heat transfer is inves­
tigated. Figure 7.38 shows the profiles of normalized streamwise radiative flux along the 
wall. As the equivalence ratio is increased, the radiative heat transfer to the wall also 
increases. The variation in heat transfer to the walls with equivalence ratio is related to the 
different amounts of H20  produced. The amount of H20  formed nearly doubles when 0 is
increased from 0.6 to 1.0. However, when 0 is increased from 1.0 to 1.4, there is a very 
small increase in amount of H20  produced. This is reflected in the trends of wall radiative 
heat flux variations as H20  is the only radiative participating species considered in this 
study. The qra reduces towards nozzle exit due to cancellation of fluxes in positive and 
negative directions. Figure 7.39 shows the variation of normal radiative heat flux at the
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Fig. 7.33 Variation of pressure with X/L at J = wall
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wall. The trend is similar to the one described for qra, but the magnitude of is higher 
than qra. This is consistent with the fact that radiative heat flux in the normal direction is 
predominant compared to streamwise radiative heat flux.
Figure 7.40 shows the variation of nozzle exit temperature with nondimensional y 
coordinate for different equivalence ratios. The temperature continuously increases as we 
move from center line to the nozzle wall. This is expected since radiation strongly affects 
the conditions at nozzle walls. Again, for the reasons explained earlier, the jump in tem­
perature when 0 is increased from 1.0 to 1.4 is negligible compared to the jump in tem­
perature when 0 is increased from 0.6 to 1.0. Figure 7.41 shows the effect of increased 
Mach number on nozzle exit temperature as a function of Y/L. Also in this case, tempera­
ture increases as we move from center line to the nozzle wall. This is again expected for 
the same reason that the radiation has strong effect on the walls compared to the flowfield. 
A higher Mach number results in a higher temperature. The reason for this again, is the 
same as was explained earlier.
Finally, the magnitude of conductive and radiative wall heat fluxes for different 
equivalence ratios and Mach numbers are compared in Figs. 7.42 and 7.43, respectively. 
Unlike the radiative effects on the nozzle flowfield, the effect of radiation on the nozzle 
walls is significant. The conductive wall heat flux, qcw, increases initially and then
decreases continuously as the flow expands. The same trend is observed in the case of 
radiative wall heat flux, qw  but the magnitude of qTO is much higher than qcw in both 
cases. This clearly demonstrates that the wall radiative heat fluxes are significant com­
pared to the conductive wall heat fluxes.
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Fig. 7.43 Variation of wall heat flux with X/L for diffemt M values
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
119
7.3 Vibrational Nonequilibrium in Incompressible Flows
As mentioned for basic understanding, results are obtained to study the effects of radi­
ative energy transfer in incompressible flows under the assumption of local thermody­
namic equilibrium (LTE) and non-local thermodynamic equilibrium (NLTE). For this 
case, results are obtained under nongray gas assumption. The model chosen for this prob­
lem is fully developed flow between two parallel plates. Following the procedure dis­
cussed in [59], numerical solutions are obtained by employing the method of undermined 
parameters. In obtaining solutions, band absorption correlations due to Tien and Lowder 
[6] are used. Selected results are presented for gases H2 O and OH to demonstrate the 
effects of LTE and NLTE on radiative energy transfer in incompressible flows.
Figure 7.44 shows the LTE results for H20  at pressures ranging from 0 .1 to 10 atm. 
when wall temperature is fixed at 500 K. The variation of bulk temperature with plate 
spacing is plotted. It is seen that the bulk temperature decreases with increasing pressure. 
At lower plate spacings, the results are almost identical for any pressure. This is due to 
optically thin radiative interaction in this region. Similar trends are observed in Fig. 7.45 
when wall temperature is varied at fixed pressure. This implies that the radiating capacity 
of the H20  increases with an increase in temperature, pressure, and plate spacing.
In Figs. 7.46 and 7.47, LTE and NLTE results are compared. In Fig. 7.46 bulk temper­
ature is plotted against plate spacing under fixed temperature conditions (500K), but for 
two pressures (0.1 and 5 atm.). Similarly, the variation of bulk temperature versus plate 
spacing is shown in Fig. 7.47 under fixed pressure conditions (1 atm.), but for two temper­
atures (300K and 1000K). These two figures demonstrate that NLTE effects are important
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Fig. 7.44 Variation of bulk temperature with plate spacing; Tw=500 K
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Fig. 7.46 Variation of bulk temperature with plate spacing; Tw=500 K
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Fig. 7.47 Variation of bulk temperature with plate spacing; P=1 atm
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only at low pressures and temperatures. As can been seen from Figs. 7.48-7.51, results 
obtained for OH also indicate that radiating capacity increases with an increase in temper­
ature, pressure, and plate spacing. Also, NLTE effects are important only at low pressures 
and temperatures. Finally, in Fig. 7.52, LTE and NLTE results are compared for different 
gases at a pressure of 0.1 atm. and temperature of 500K. These results show that the gases 
in the descending order of bulk temperature are OH, NO, and H20  under both LTE and 
NLTE conditions. This implies that H20  is highest radiating medium among the gases 
investigated.
7.4 Vibrational Nonequilibrium in Chemically Reacting Compressible
Nozzle Flows
Radiative interactions under the conditions of LTE are investigated in this section for 
compressible flows. The specific problem considered for this study is supersonic flow of 
premixed hydrogen and air in expanding nozzle. The nozzle geometry, the physical condi­
tions, and method of solution used for this study are same as those used in analysis of 
finite rate chemistry models.
For basic understanding of the problem, nozzle flow is computed assuming chemical 
nonequilibrium conditions (CNE). The hydrogen-air combustion mechanism used in this 
work is from Ref. [35], but only seven species and seven reactions are selected for this 
study.
Figures 7.53-7.56 show the temperature, pressure, H20 ,  and OH distributions at the 
nozzle centerline as well as near the wall. As the premixed hydrogen and air enters the 
nozzle, an exothermic chemical reaction takes place immediately, and the temperature and
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Fig. 7.48 Variation of bulk temperature with plate spacing; Tw=500 K
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Fig. 7.49 Variation of bulk temperature with plate spacing; P=1 atm
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Fig. 7.50 Variation of bulk temperature with plate spacing; Tw=500 K
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Fig. 7.51 Variation of bulk temperature with plate spacing; P=l atm
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Fig. 7.52 Variation of bulk temperature with plate spacing; TW=500K, P=I atm
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pressure at the centerline increase abruptly and reach their peaks in a region close to the 
inlet location. As the flow continues to move downstream due to supersonic expansion, the 
centerline temperature and pressure decrease continuously. The wall temperature and 
pressure also increase near the inlet region but remain constant throughout the nozzle 
length. Also, the peak temperatures and pressures near the wall are not as high as the val­
ues near the centerline. This is because of constant wall temperature boundary conditions, 
which not only prevent the temperature and pressure to rise but also keep them constant 
throughout the nozzle. During the rapid change in temperature and pressure, the mass 
fractions of H20  and OH also experience a large, sudden increase, as shown in Figs. 7.55 
and 7.56. The amount of H20  produced is much higher than the amount of OH produced. 
Also, both H20  and OH nearly remain unchanged throughout the expansion; the main rea­
son for this is the weakening of the exothermic chemical reaction as supersonic expansion 
takes place. It is also interesting to note that H20  produced near the wall is higher than the 
nozzle centerline, though the difference is not too large. It may be emphasized that know­
ing this information is essential to analyze the effects of radiation heat transfer.
Based on the understanding of chemical nonequilibrium (CNE) in supersonic hydro- 
gen-air reacting system, the nonequilibrium associated with vibrational energy is studied. 
Computations are performed using the three energy models. The first is essentially the 
same model originally incorporated in the SPARK code [13,19]. This model computes the 
energy of each species using fourth order polynomial temperature profile for specific heat 
CVp The second model computes the energy assuming the vibrational energy in equilib­
rium according to Eq. (4.8). The third model utilizes a simple vibrational relaxation model 
discussed in Sec. 4.2.
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In Figs. 7.57-7.59, comparisons of nozzle flow results using three models are pre­
sented. The axial variation of pressure does not show any significant difference among 
three energy models used (Fig. 7.57). This demonstrates the fact that the pressure is a 
mechanically oriented variable and is governed by the fluid mechanics of the flow; ther­
modynamic effects are secondary. Figure 7.58 shows the variation of axial temperature 
computed using the three models. As expected, the two equilibrium models do not show 
significant differences in the axial temperature distribution. However, the axial tempera­
ture computed using the simple vibrational relaxation model indicates that considerable 
nonequilibrium effects are present under these conditions. As expected, the vibrational 
nonequilibrium reduces the axial temperature. The H20  mass fraction distribution is not 
affected significantly by the use of the three energy models. This trend is shown in Fig. 
7.58.
7.5 Radiative Interactions in Vibrationally Relaxing and Chemically
Reacting Nozzle Flows
Based on the understanding of thermochemical nonequilibrium (TCNE) phenomena in 
H2-air combustion system, radiation interactions under local thermodynamic equilibrium 
(LTE) conditions are examined. It is a common knowledge that the radiative effects on the 
flowfield are not very predominant in high speed confined flows. Therefore, in this study, 
only the radiation effects on the nozzle walls are examined. The combustion of hydrogen 
and air usually results in highly absorbing-emitting gases like water vapor and hydroxyl 
radicals. For the range of temperatures produced during supersonic flow in the nozzle, 
both of these species are highly radiation participating agents. But hydroxyl radical is a
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Fig. 7.57 Center line pressure variation in the nozzle
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Fig. 7.58 Center line temperature variation in the nozzle
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Fig. 7.59 Center line H20 mass fraction variation in the nozzle
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much less radiation participating species when compared to water vapor molecules. Also 
in the present problem, it is found that the concentration of hydroxyl radicals is many 
times less than that of water vapor. Therefore, radiative contributions due to hydroxyl rad­
icals are neglected in this study. All the five important bands of H20  are taken into account 
in determining the Plank mean absorption coefficient.
Figure 7.60 shows the temperature profiles along the nozzle wall. It can be seen that 
the vibrational nonequilibrium reduces the wall temperature, although the effect is less 
near the wall as compared to the centerline of the nozzle. But when radiative interactions 
under LTE conditions are included, the wall temperature near inlet increases considerably 
and then decreases as the flow expands to a value nearly equal to that of chemical nonequi­
librium conditions (CNE). From this observation, two conclusions can be made. First, the 
radiative interaction under LTE conditions does have effect on wall temperature. Second, 
the net result of including radiative interactions under LTE conditions is to negate the ther­
mal nonequilibrium effects as the flow expands. The main reason for second observation is 
due to the inclusion of additional mode of energy transfer which aids in suppressing ther­
mal nonequilibrium effect to some extent. A similar observation has been made in Ref. 
[79].
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Fig. 7.60 Wall temperature variation in the nozzle




A numerical study has been carried out to predict complex reacting flowfield problems 
associated with hydrogen - air systems. The physical phenomenon of radiation is investi­
gated in flows with chemical and thermal nonequilibrium conditions. The specific problem 
considered for this study is supersonic flow of premixed hydrogen and air in expanding 
nozzles. The two-dimensional spatially elliptic Navier-Stokes equations have been used to 
numerically investigate different physical processes in the nozzle flow problem. The sys­
tem of governing equations is solved using explicit, unsplit MacCormack predictor-cor- 
rector scheme. The chemistry source term is treated implicitly to alleviate stiffness 
associated with fast chemical reactions.
The thermochemical nonequilibrium process and radiative interactions are investi­
gated in a systematic manner. First, the influence of finite rate chemistry processes is stud­
ied using different chemistry models. Various truncated versions of different chemistry 
models are used to identify the effect of different chemical species. Next, a parametric 
study of different reaction schemes of Jachimowski model is performed to identify certain 
reaction paths and species. Further, extensive parametric studies are conducted to investi­
gate the effects of equivalence ratio and inlet Mach number on the flowfield characteristics 
as well as on wall heat flux. In all cases, the effect of radiative interactions is investigated. 
Flows with thermochemical nonequilibrium and radiative interactions are also investi­
gated. For basic understanding, first results are obtained to study the effects of radiative
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energy transfer in incompressible flows. Finally, vibrational nonequilibrium and radiative 
interactions are investigated in expanding nozzle flows.
The effect of finite rate chemistry is studied throughout the expansion process. Five 
different H2-Air chemistry models are chosen to investigate the effect of finite rate chemi­
cal process on flowfield quantities. The findings of this study show that different chemistry 
models could give considerable variations in the results. In all cases, the effect of radiation 
is investigated. In radiation studies, different chemistry models provided variation in 
results, particularly in case of the wall quantities and heat fluxes. Further, in order to iden­
tify important reaction paths and species, Jachimowski model is chosen as a test case. Four 
reaction schemes used for the study are two truncated and one complete version of the 
Jachimowski model, and two-step global chemistry reaction mechanism. From computa­
tional efficiency point of view, the eight-step and eight-species mechanism or seven-step 
and seven-species mechanism is found to be the most efficient chemistry mechanism to 
give acceptable results. Radiative interactions are investigated in this case also. Further, in 
order to identify the effect of H 02 and H20 2, various truncated versions of different chem­
istry models are used. It is concluded that inclusion of H 02 is important to predict flow­
field, as well as wall quantities, accurately. The effects of equivalence ratio and Mach 
number on temperature, pressure, and H20  mass fraction distribution are analyzed. In all 
cases, the effect of radiation is investigated. For chemically reacting supersonic nozzle 
flows, the radiative effects on nozzle walls are predominant. The wall parameters are more 
sensitive when equivalence ratio is less than 1.0, but the effects are not so much when 
equivalence ratio is higher than 1.0. The effect of Mach number on temperature and wall 
heat flux is significant when radiative interactions are included in the problem. The effect
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of radiation is negligible on pressure and FLO distribution when Mach number variation is 
investigated. The magnitude of radiative wall heat fluxes are found to be much higher than 
the conductive fluxes.
Nongray radiative interactions in molecular gases, under the assumption of fully 
developed flow between parallel plates, are investigated. Specific results are presented 
under both LTE and NLTE conditions. Results demonstrate that the NLTE effects are 
important only at low temperatures and pressures. Next, the two-dimensional spatially 
elliptic N-S equations have been used to study flowfield interactions in chemically react­
ing and vibrationally relaxing compressible flows of premixed hydrogen and air in an 
expanding nozzle. Three energy models are considered, including a equilibrium model 
and a simplified vibrational model. Radiative interactions under local thermodynamic 
equilibrium conditions are examined. Results indicate that both chemical and thermal non­
equilibrium effects are important in the expansion region of the nozzle. The effect of radi­
ative interactions is to reduce the extent of thermal nonequilibrium due to additional mode 
of energy transfer.
It suggested that future study include more sophisticated radiation models in all the 
physical problems considered in this study. In thermal nonequilibriums studies, it is sug­
gested to include effects of ionizatioan and anharmonic oscillators. Extensions to non-pre- 
mixed combustion problems should also be investigated.
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APPENDIX A 
FLOW CHART FOR SPARK MAIN PROGRAM
The code used in the present numerical analysis is the SPARK combustion code 
originally developed at Langley Research Center. The basic code is modified to study radi­
ative interactions and thermochemical nonequilibrium phenomena in expanding nozzle 
flows. It solves Navier-Stokes equations, including energy and species conservation. In the 
first version, the code used a second-order spatially and temporally accurate, two-step 
explicit MacCormack scheme. Subsequently, it has been modified to include a variety of 
higher order spatial algorithms. They include fourth-order Gottlieb (second, fourth, sec­
ond), fourth-order cross MacCormack (first, fourth, second), and fourth-order viscous 
MacCormack (second, fourth, fourth). Apart from these integration schemes, it can also 
simulate laminar as well as turbulent flows. Turbulence models include Baldwin-Lomax 
and Reynolds stress model. Also diffusion velocities can be either calculated from using 
full multi-component diffusive interactions or simple modified binary interaction models. 
In the present analysis, only few capabilities of the code are used. The computer flow chart 
given in Figs. A1 provides only those portions of the code which are utilized for the 
present analysis. This make the flow chart less complex and easy to understand. The vari­
ables which were fixed are nder (0), idif (1), iturb(2), nres(l). One can refer to the code for 
the definitions of these variables.
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call rach
^  call cufgf ^
call genjacaireac
^  call integ ^  
(  call^qslt 
^  calFprint ^  
^  call thermod ^
call difcf
Fig. A 1(b)





nstart >=2 call print
end
Fig. A 1(c)
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APPENDIX B 
FLOW CHART FOR SUBROUTINE INTEG.F
Subroutine integ.f integrates the governing equations in the computational domain 
using the unsplit MacCormack technique. The computer flow chart B 1 gives the structure 
of MacCormack predictor-corrector scheme. The variables which were fixed are nder (0), 
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call genjacaireac
Q call fgcap ^
smearx > 0 call smotn
call tstep ^
call xdenv
Q call yderiv ^
Fig. B 1(b)












^  call fgcap
Fig. Bl(c)
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smearx > 0 call smoth
nder = 0
c i.call xderiv J
~ l— '
^  call yderiv ^  
f call xderiv j
T
Q call yderiv ^
^  call integpi ^
Fig. Bl(d)
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